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M. Kado (LAL and CERN), and V. Sharma (University of
California San Diego).

I. Introduction . . . . . . . . . . . . . . . . 1

II. The Standard Model and the Brout–Englert–Higgs Mecha-

nism . . . . . . . . . . . . . . . . . . . . 4

II.1. The SM Higgs boson mass, couplings and quantum

numbers . . . . . . . . . . . . . . . . . . 6

II.2. The SM custodial symmetry . . . . . . . . . 8

II.3. Stability of the Higgs Potential . . . . . . . . 9

II.4. Production and decay mechanisms at colliders . . . 10

II.4.1. Production mechanisms at an electron-positron collider

10

II.4.2. Gluon Fusion production mechanisms at hadron col-

liders . . . . . . . . . . . . . . . . . . . . 11

II.4.3. Vector boson fusion production mechanisms at hadron

colliders . . . . . . . . . . . . . . . . . . . 14

II.4.4. WH and ZH associated production mechanisms at

hadron colliders . . . . . . . . . . . . . . . . 15

II.4.5. Higgs production in association with tt̄ at hadron

colliders . . . . . . . . . . . . . . . . . . . 16

II.4.6. Results of Higgs production cross sections at Hadron

colliders . . . . . . . . . . . . . . . . . . . 17

II.4.7. SM Higgs Branching Ratios and Total Width . . 17

III. Searches For the Standard Model Higgs boson . . . 21

III.1. The Discovery channels . . . . . . . . . . . 24

III.1.1. H → γγ . . . . . . . . . . . . . . . 26

III.1.2. H → ZZ(∗) → ℓ+ℓ−ℓ′+ℓ′−, (ℓ, ℓ′ = e, µ) . . . . 28

III.2. Mass & Width Measurements . . . . . . . . 29

III.3. H0 → W+W− → l+νl−ν . . . . . . . . . . 31

III.4. Decays to fermions . . . . . . . . . . . . 33

CITATION: J. Beringer et al., Phys. Rev. D86, 010001 (2012) and 2013 partial update for the 2014 edition (http://pdg.lbl.gov/)

October 29, 2013 21:25



– 2–

III.4.1. H0 → bb̄ . . . . . . . . . . . . . . . 34

III.4.2. H0 → τ+τ− . . . . . . . . . . . . . . 38

III.5. Observed Signal Strengths . . . . . . . . . 41

III.6. Searches for Rare Decays of the Higgs boson . . . 41

III.6.1. H0 → Zγ . . . . . . . . . . . . . . 42

III.6.2. H0 → µ+µ− . . . . . . . . . . . . . 43

IV. Properties and Nature of of the New Bosonic Resonance 44

IV.1. Main quantum numbers J PC . . . . . . . . 45

IV.2. Coupling properties measurements . . . . . . . 53

IV.2.1. Effective Lagrangian formalism . . . . . . . 54

IV.2.2. Constraints on Wilson coefficients from precision EW

and flavor measurements . . . . . . . . . . . . . 57

IV.2.3. From the effective Lagrangians to Higgs observables

57

IV.3. Measurement of coupling properties . . . . . . 57

IV.3.1. Modelling Signal Yields: the Empirical Approach 58

IV.3.2. Evidence for VBF production . . . . . . . 61

IV.4. Production properties . . . . . . . . . . . 67

V. New Physics Models of EWSB compatible with a SM-like

Higgs Signal at LHC . . . . . . . . . . . . . . 68

V.1. Higgs Bosons in the Minimal Supersymmetric Standard

Model (MSSM) . . . . . . . . . . . . . . . . 73

V.1.1. The MSSM Higgs Boson Masses . . . . . . . 74

V.1.2. MSSM Higgs Boson Couplings . . . . . . . 78

V.1.3. Decay Properties and Production Mechanisms of

MSSM Higgs Bosons . . . . . . . . . . . . . . 81

V.1.4. Benchmark Scenarios in the MSSM for a 125 GeV light

Higgs . . . . . . . . . . . . . . . . . . . 86

V.2. Indirect constraints on additional states . . . . . 89

V.3. Higgs Bosons in Singlet extensions of the MSSM . . 92

V.3.1. The xMSSM Higgs Boson Masses and Phenomenology

95

V.4. Supersymmetry with Extended Gauge Sectors . . . 96

V.5. Effects of CP violation and R-parity violation . . . 99

October 29, 2013 21:25



– 1–

V.5.1. Effects of CP Violation on the MSSM Higgs Spectrum

100

V.5.2. Searches for Neutral Higgs Bosons in CPV Scenarios

102

V.6. Non-Supersymmetric two Higgs Doublet Models . 102

V.7. Composite Higgs models . . . . . . . . . 106

V.7.1. Little Higgs . . . . . . . . . . . . . 106

V.7.2. Models of partial compositeness . . . . . . 108

V.7.3. Minimal composite Higgs models . . . . . 115

V.8. Searches for signatures of extended Higgs sectors . 116

VI. Summary . . . . . . . . . . . . . . . . 129

VII. Outlook . . . . . . . . . . . . . . . . 129

I. Introduction

The announcement on 4th July 2012 of the observation

by ATLAS [1] and CMS [2] of a new boson with a mass of

about 125 GeV decaying into γγ, WW and ZZ bosons and

the subsequent studies of the properties of this particle have

provided an important leap forward in the understanding of the

mechanism that breaks electroweak symmetry and generates

the masses of the known elementary particles1, one of the most

fundamental problems in particle physics. The Brout–Englert–

Higgs mechanism [3] provides a general framework to keep

untouched the structure of the gauge interactions at high energy

and still generate the observed masses of the W± and Z gauge

bosons by means of charged and neutral Goldstone bosons that

manifest themselves as the longitudinal components of the gauge

bosons in the ultraviolet. For several decades, the origin of these

Goldstone bosons remained unclear. The discovery of ATLAS

and CMS [1,2] now strongly suggests that these three Goldstone

bosons combine with an extra elementary scalar field to form a

weak doublet. This picture matches very well with the Standard

1 In the case of neutrinos, it is possible that the Higgs mech-

anism plays a role but is not entirely responsible for the gener-

ation of their observed masses.
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Model (SM)) [4] which describes the electroweak interactions

by a gauge field theory invariant under the SU(3) × SU(2)L ×
U(1)Y symmetry group. The Brout–Englert–Higgs mechanism

posits a self-interacting complex doublet of scalar fields, and

renormalizable interactions are arranged such that the neutral

component of the scalar doublet acquires a vacuum expectation

value (VEV) v ≈ 246 GeV, which sets the scale of electroweak

symmetry breaking (EWSB). Three massless Goldstone bosons

are generated, which are absorbed to give masses to the W±

and Z gauge bosons. The remaining component of the complex

doublet becomes the Higgs boson — a new fundamental scalar

particle. The masses of all fermions are also a consequence

of EWSB since the Higgs doublet is postulated to couple to

the fermions through Yukawa interactions. However, the true

structure of newly discovered boson and the exact dynamics at

the origin of the Higgs VEV and its ultraviolet completion are

still unsolved. Even if the discovered boson has weak coupling

to all known SM degrees of freedom, it is not impossible that

it emerges from a light resonance of a strongly coupled sector.

And it should be established whether the Higgs boson is solitary

or whether other states, possibly a full second weak doublet,

populate the EWSB sector.

The main reason to expect new physics beyond the recently

discovered Higgs boson is the Higgs boson itself. The Higgs

boson is special, because without it the calculability power of

the SM would have been spoiled. In particular, without a Higgs

boson, pertubative unitarity [5,6] would be lost at high ener-

gies since the longitudinal W boson scattering amplitude would

grow as the center of mass energy increases, and loops involving

the longitudinal component of the gauge bosons contributing

to the self energies, for example, would not be finite. With the

discovery of the Higgs, it has been experimentally established

that the SM is based on a gauge theory that can be consis-

tently extrapolated to the Planck scale. The Higgs must have

couplings to W/Z gauge bosons and fermions precisely as those

in the SM to recover consistency of the theory, hence, from the

calculability point of view there is no need for new physics at

the EW scale. However, the SM Higgs boson is a scalar field,
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hence its mass is not protected by any symmetry and at the

quantum level has sensitivity to the physics in the ultraviolet

m2
H (Q) = m2

H (µ) + δm
2
H ,

δm
2
H =

3m2
F,B

8π2
λ2F,B (−1)2S ln

(

µ2/Q2
)

(1)

Given the value of the Higgs mass (or equivalently the Higgs

mass parameter in the scalar potential) at a scale µ as input, the

value of the Higgs mass at another scale Q, e.g. the electroweak

scale, receives contributions that depend quadratically on all

the masses mF,B of the particles that interact with the Higgs

with couplings λF,B, respectively, with the sign depending on

the spin of the particle. Hence, in general, light scalars like the

Higgs boson cannot naturally survive in the presence of heavy

states at the GUT, String or Planck scales. This is known as

the hierarchy or naturalness problem of the SM [7].

There are two possible, preferred solutions to the natural-

ness problem:one is based on a new fermion-boson symmetry

in nature called Supersymmetry (SUSY) [8,9,10]. This is a

weakly coupled approach to EWSB and in this case the Higgs

boson remains elementary but its mass is protected by the new

fermion-boson symmetry. These theories predict at least five

Higgs particles [11] 2, and one of the neutral Higgs bosons,

most often the lightest CP-even Higgs, has properties that

resemble those of the SM Higgs boson. We refer to this Higgs

boson as a SM-like Higgs, meaning that this is the Higgs respon-

sible for EWSB, and hence has SM-like couplings to the W and

Z gauge bosons. It is also possible to have extensions of the SM

without low energy Supersymmetry, but with extended Higgs

sectors. The most commonly studied alternatives are two Higgs

Doublets Models (2HDM’s) that can have different types of

coupling structure to fermions that are restricted by experimen-

tal constraints related to flavor changing neutral and charged

current effects. The other approach invokes the existence of

2 Except in exotic susy scenarios where the Higgs boson is

identified as a sneutrino, the scalar partner of a neutrino [12],

in which case the gauge anomalies cancel without the need for

a second Higgs doublet.
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strong interactions at a scale of order a TeV or above and

induces strong breaking of the electroweak symmetry [13]. In

the original incarnation of this second approach, dubbed techni-

color, the strong interactions themselves were triggering EWSB

without the need of a Higgs boson. Another possibility, more

compatible with the ATLAS and CMS discovery, is that the

strong interactions produce 4 light resonances identified with

the Higgs doublet and EWSB proceeds through vacuum mis-

alignement [14]. Both approaches can have important effects

on the phenomenology of the Higgs boson associated to EWSB.

Also, in each case the Higgs role in unitarization is shared by

other particles: additional Higgs bosons in supersymmetry or

2HDM’s, or new particles in the strong sector. In Section V

we will discuss in detail some of the most interesting models

proposed in these two categories.

The naturalness problem has been the prime argument

for new physics at the TeV scale. But the absence of any

direct signal of new dynamics and the appalling compliance

of the Higgs couplings with the SM prediction together with

the strong bounds inherited from precision electroweak and

flavor data might suggest that the light Higgs mass is not

natural and that the Higgs boson is after all elementary, weakly

coupled and solitary till the Planck scale. Such a scenario, if

established experimentally, will force the theorists to rethink

the basic concepts of high energy physics, starting with the

original principles of quantum mechanics and special relativity.

II. The Standard Model and the Brout–Englert–Higgs

Mechanism

As mentioned above, In the SM [4], the Brout–Englert–

Higgs Mechanism [3] is responsible for generating mass for the

W and Z gauge bosons rendering the weak interactions short

range. The SM scalar potential reads:

V (Φ) = m2Φ†Φ+ λ
(

Φ†Φ
)2

(2)
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with the Higgs field φ being a self interacting SU(2) complex

doublet (four real degrees of freedom) with weak hypercharge

Y=1 (the hypercharge is normalized such that Q = T3L+Y/2):

Φ =
1√
2

(

φ+

φ0 + ia0

)

.

V (Φ) is the most general renormalizable scalar potential and

if the quadratic term is negative the neutral component of the

scalar doublet acquires a non-zero vacuum expectation value

(vev)

〈φ〉 = 1√
2

(

0
v

)

,

defining φ0 = H + v, inducing the spontaneous breaking

of the SM gauge symmetry SU(3)C × SU(2)L × U(1)Y into

SU(3)C × U(1)em. The global minimum of the theory defines

the ground state, and spontaneous symmetry breaking implies

that there is a symmetry of the system (Lagrangian) that is not

respected by the ground state. The Higgs potential describes

the energetics of turning on the Higgs field, that permeates

all the universe and through its self-interactions can cause

spontaneous electroweak symmetry-breaking (EWSB) in the

vacuum without picking a preferred frame or direction. From

the 4 generators of the SU(2)L × U(1)Y gauge group, three are

spontaneously broken, implying that they lead to non-trivial

transformations of the ground state and indicate the existence

of three massless Goldstone bosons identified with three of the

four Higgs field degrees of freedom. The Higgs field couples to

the Wµ and Bµ gauge fields associated to the SU(2)L × U(1)Y

local symmetry, respectively, through the covariant derivative,

DµΦ = (∂µ + igWµ + ig′
Y

2
Bµ)Φ appearing in the kinetic term

of the Higgs Lagrangian

LHiggs = (DµΦ)
† (DµΦ)− V (Φ) ,

where g1 and g2 are the corresponding gauge couplings. As a

result, the neutral and the two charged massless Goldstone

degrees of freedom mix with the gauge fields corresponding

to the broken generators of SU(2)L × U(1)Y and become the

longitudinal components of the Z and W physical gauge bosons,
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respectively. The fourth generator remains unbroken since it

is the one associated to the conserved U(1)em gauge symme-

try, and its corresponding gauge field, the photon, remains

massless. Similarly the eight color gauge bosons, the gluons,

corresponding to the conserved SU(3)C gauge symmetry with

8 unbroken generators, also remain massless. Hence, from the

initial 4 degrees of freedom of the Higgs field, 2 are absorded

by the W± gauge bosons and one by the Z gauge boson that

become massive:

M2
W =

g2v2

4
M2

Z =

(

g′2 + g2
)

v2

4
.

There is one remaining degree of freedom, H, that is the phys-

ical Higgs boson — a new scalar particle. The Higgs boson is

neutral under the electromagnetic interactions and transforms

as a singlet under SU(3)C and hence it does not couple at tree

level to the massless photons and gluons. The fermions of the

SM acquire mass through a new type of renormalizable inter-

action between the Higgs field and the fermions: the Yukawa

interaction

LYukawa = − (hd)ij q̄Li
Φ dRj

−(hu)ij q̄Li
Φ̃uRj

−(hl)ij l̄Li
Φ eRj

+h.c.

that respect the symmetries of the SM but generate fermion

masses once EWSB occur. In the above, φ̃ = iσ2φ
∗ and qL

(lL) and uR, dR (eR) are the quark (lepton) SU(2)L doublets

and singlets, respectively, while each term is parametrized by

a 3x3 matrix in family space. We have omitted a mass term

for neutrinos that could be added in analogous manner to the

up type quarks when right-handed neutrinos are supplementing

the SM particle content. Once the Higgs acquires a vev, all

fermions acquire a mass given by mf = hfv/
√
2.

II.1. The SM Higgs boson mass, couplings and quan-
tum numbers

The SM Higgs boson is a CP-even scalar of spin 0. Its mass

is given by mH =
√
2λ v, where λ is the Higgs self-coupling

parameter in V (Φ). The expectation value of the Higgs field,

v = (
√
2GF )

−1/2 ≈ 246 GeV, is fixed by the Fermi coupling

GF , which is determined with a precision of 0.6 ppm from muon
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decay measurements [15]. The quartic coupling λ, instead, is

a free parameter in the SM, and hence there is a priori no

prediction for the Higgs mass. Moreover the mass parameter

µ2 = −λv2. Therefore, if the newly discovered particle is indeed

the SM Higgs with mH ≃125.5 GeV, that implies that λ ≃ 0.13

and |µ| ≃ 88.8 GeV. It is interesting to observe that in the

SM one needs to assume that the mass term in the potential

is negative to trigger EWSB. In other theories Beyond the SM

(BSM), such as Supersymmetry, instead, the analogous of the

Higgs mass parameter is rendered negative dynamically.

The Higgs boson couples to all particles proportionally to

their masses. This is a new type of interaction, very weak

for ordinary particles, such as up, down quarks and electrons

but strong for heavy particles such as the W and Z bosons

and the top quark. In particular, the SM Higgs couplings to

fundamental fermions are proportional to the fermion masses,

and the couplings to bosons are proportional to the square of the

boson masses. The SM Higgs boson couplings to gauge bosons,

Higgs bosons and fermions are summarized in the following

Lagrangian:

L = −gHff f̄ fH +
gHHH

6
H3 +

gHHHH

24
H4

+δV VµV
µ
(

gHV VH +
gHHV V

2
H2
)

with

gHff̄ =
mf

v
, gHV V =

2m2
V

v
, gHHV V =

2m2
V

v2

gHHH =
3m2

H

v
gHHHH =

3m2
H

v2

where V = W± or Z and δW = 1, δZ = 1/2. As a result, the

dominant mechanisms for Higgs boson production and decay

involve the coupling of the H to the W±, Z and/or the third

generation quarks and leptons. The Higgs boson’s coupling to

gluons, is induced at leading order by a one-loop graph in which

the H couples to a virtual tt pair. Likewise, the Higgs boson’s

coupling to photons is also generated via loops, although in this

case the one-loop graph with a virtual W+W− pair provides

the dominant contribution [11] and the one involving a virtual
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tt pair is subdominant. Reviews of the SM Higgs boson’s

properties and phenomenology, with an emphasis on the impact

of loop corrections to the Higgs boson decay rates and cross

sections, can be found in Refs. [16,17,18,19,20,21].

II.2. The SM custodial symmetry

The SM Higgs Lagrangian, LHiggs, is by construction

SU(2)L × U(1)Y gauge invariant, but it also has and ap-

proximate global symmetry. One can show that in the limit

g′ → 0 and hf → 0, the Higgs sector has a global SU(2)R
symmetry, and hence in such limit it is invariant under a global

SU(2)L×SU(2)R symmetry, with SU(2)L just being the global

variant of the SM chiral gauge symmetry. The U(1)Y group is

a subgroup of SU(2)R and given that g′ is naturally very small,

it follows that SU(2)R is an approximate, accidental symmetry

of the SM Higgs sector. Once the Higgs acquires a vev, then

both the SU(2)L and SU(2)R symmetry groups are broken but

the subgroup SU(2)L+R remains unbroken and is the subgroup

that defines the custodial symmetry of the SM [22].

We explained above that the W and Z gauge boson masses

are given in term of the gauge couplings, thus

M2
W

M2
Z

=
g2

g′2 + g2
= cos2 θW or ρ =

M2
W

M2
Z cos

2 θW
= 1

at tree level. In the limit g′ → 0 (sin2 θW → 0), the W

and Z gauge bosons have equal mass and form a triplet of

the SU(2)L+R unbroken global symmetry. This in turn im-

plies that radiative corrections to the ρ parameter involving the

Higgs are proportional to g′2 and the custodial symmetry guards

the tree level relation between W and Z gauge boson masses

from radiative corrections. There are also some radiative cor-

rections generated by massive fermions. They are proportional

to m2
t +m2

b − 2(m2
tm

2
b) log(m

2
t/m

2
b)/(m

2
t −m2

b) and vanish in

the custodial limit mt = mb [23].

One can conceive BSM theories in which the Higgs is

a pseudo-Nambu–Goldstone boson of a strongly interacting

sector [24], and/or where there are additional degrees of

freedom that may contribute to the W and Z mass via virtual

loops, but inasmuch as the electroweak sector has a manifest
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custodial symmetry, the theory will be protected from large

radiative corrections. Precision measurement observables are

powerful in constraining such large radiative corrections. Hence,

the custodial isospin symmetry is a powerful probe of BSM

physics. For a pedagogical discussion see Ref. [25].

II.3. Stability of the Higgs Potential

The discovery of a scalar particle with mass mH ≈
125.5 GeV has far reaching consequences within the SM frame-

work. Such a low value of the Higgs mass is in perfect agreement

with the upper bound on the Higgs boson mass from pertur-

bative unitarity constraints [5,6]. Moreover, the precise value

of mH determines the value of the quartic coupling λ at the

electroweak scale and makes it possible to investigate its be-

havior up to high energy scales. If mH were too large then

the Higgs self-coupling would become non-perturbative at some

scale Λ that could be well below the Planck scale. Considering

the measured values of the Higgs mass, the top quark mass,

the W and Z boson masses, and the strong gauge coupling,

all within their experimental uncertainties, it follows that, the

same as the SM gauge and Yukawa couplings, the Higgs quartic

coupling remains perturbative all the way up to MP lanck [26].

The recently measured Higgs mass value, however, generates an

EW Higgs potential in which the vacuum state is at the edge

between being absolute stable and metastable. Indeed, for mH

= 125.7 ± 0.3 GeV and allowing all relevant SM observables to

fluctuate within their experimental and theoretical uncertain-

ties, the metastability condition seems to be favored. The high

energy evolution of λ shows that it becomes negative at energies

Λ = O(1010 − 1012) GeV, with a slightly broader range if a 3σ

fluctuation in the top quark mass value is allowed, as shown

in Fig. 1 [28]. When this occurs, then the Higgs potential

develops a second (global) minimum at a large value of the

magnitude of the scalar field of order Λ. In the SM the new

minimum is beyond the scale of quantum gravity, but already

below MP lanck the Higgs potential becomes deeper that at the

EWSB minimum. This behavior may call for new physics at

an intermediate scale below MP lanck, so that the global mini-

mum of the theory corresponds to the observed SU(2)L×U(1)Y

October 29, 2013 21:25



– 10–

broken vacuum with v ≈ 246 GeV. Otherwise, if no new

physics occurs below MP lanck, the electroweak vacuum remains

metastable [27]. Therefore, within the SM framework, the rel-

evant question is related to the lifetime of the EW metastable

vacuum that is determined by the rate of quantum tunneling

from this vacuum into the true vacuum of the theory. It turns

out that, a coincidence or not, the running of the Higgs self

coupling slows down at high energies with a cancellation of its

β-function at energies just one to two orders of magnitude below

the Planck scale. This slow evolution of the quartic coupling is

responsible for saving the EW vacuum from premature collapse

allowing it to survive much longer times than those relevant

from astrophysical considerations. The peculiar behavior of the

quartic coupling leaves open the possibility that the SM might

be all what is there up to the quantum gravity scale or it could

be the result of a special dynamics or a new symmetry at high

energies, such as Supersymmetry with possible flat directions.

A more exciting picture would be to have new physics at a

smaller energy scale, what could be desirable to explain other

mysteries of the universe such as dark matter. At the moment

the LHC Higgs discovery leaves all these options equally open.

II.4. Production and decay mechanisms at colliders

II.4.1. Production mechanisms at an electron-positron
collider

The main Higgs boson production cross sections at an e+e−

collider are the Higgs-strahlung process e+e− → ZH [6,29], and

the WW fusion process [30] e+e− → ν̄eνeW
∗W ∗ → ν̄eνeH . As

the center-of-mass energy
√
s is increased, the cross-section for

the Higgs-strahlung process decreases as s−1 and is dominant at

low energies, while the cross-section for the WW fusion process

grows as ln(s/m2
H) and dominates at high energies [31,32,33].

The ZZ fusion mechanism, e+e− → e+e−Z∗Z∗ → e+e−H , also

contributes to Higgs boson production, with a cross-section

suppressed by an order of magnitude with respect to that of

WW fusion. The process e+e− → tt̄H [34,35] becomes relevant

for large
√
s ≥ 500 GeV. For a more detailed discussion of

Higgs production properties at lepton colliders see for example
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Figure 1: Renormalization group evolution of
the Higgs self coupling λ, for the central val-
ues of mH = 125.7 GeV, mt = 173.4 GeV and
αS(MZ) = 0.1184 (solid curve), and variation of
these central values by ± 3 σ for the blue, gray
and red, dashed curves, respectively. For nega-
tive values of λ, the lifetime of the SM vacuum
due to quantum tunneling at zero temperature
is longer than the age of the universe. The grey
shadings cover values of the RG scale above the
Planck mass MPl = 1.2 × 1019 GeV, and above
the reduced Planck mass M̄Pl = MPl/

√
8π From

Ref. 28. See full-color version on color pages at
end of book.

Refs. [17] and [18], and references therein. Table 1, from

Ref. [90], summarizes the dominant Higgs boson production

cross sections at various e+e− collision energies.

II.4.2. Gluon Fusion production mechanisms at hadron
colliders

At high-energy hadron colliders, the Higgs boson produc-

tion mechanism with the largest cross section is gg → H +X .

At leading order (LO) [36] this process is governed by a top

quark loop proportional to its Yukawa coupling to the Higgs

boson and to the squared of the QCD coupling constant. QCD

radiative corrections are very important and have been stud-

ied in much detail in the literature. This process is known at
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Table 1: Dominant Higgs boson production
cross sections at various e+e− collision energies.
From Ref. [90] (where the polarization fractions
used for the cross section computations can be
found).

cross section in fb mH = 125 GeV
√
s (GeV)

Mode 250 350 500 1000 1400 3000

ZH unpolar. 211 134 64.5 16.1 8.48 2.00

polar. 318 198 95.5 22.3 10.0 2.37

νeν̄eH unpolar. 20.8 34.1 71.5 195 278 448

polar. 36.6 72.5 163 425 496 862

e+e−H unpolar. 7.68 7.36 8.86 20.1 27.3 48.9

polar. 11.2 10.4 11.7 24.7 32.9 56.5

next-to-leading order (NLO) in QCD in the large top mass

limit [37], that turns out to be an excellent approximation

at the level of a few percent, as well as for arbitrary top and

bottom mass dependence [38,39]. The QCD next-to-next-to-

leading order (NNLO) corrections have been computed in the

large top-mass limit [40]. The NLO QCD corrections approx-

imately double the leading-order prediction, and the NNLO

QCD corrections add approximately 50% to the NLO pre-

diction. NLO electroweak corrections have been computed and

they increase the LO term by about 5% formH ≃ 125 GeV [41].

Mixed QCD-electroweak corrections O(ααs) are computed in

Ref. [42]. Although there are delicate issues related to how

to combine the EW and QCD corrections precisely, the men-

tioned results considered an effective Lagrangian approach and

support the factorization hypothesis that suggests that EW

corrections become multiplicative factors of the full QCD ex-

pansion. This is expected to be a good approximation for Higgs

boson masses below several hundred GeV. Electroweak effects

for Higgs production at finite transverse momentum have also

been studied [43] and they are at most at the percent level.

In addition, the NNLO QCD calculations have been im-

proved by resumming the soft-gluon contributions to the cross
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sections at next-to-leading logarithmic (NLL), NNLL and par-

tial NNNLL accuracy [44]. Much progress has been made in the

past several years in the computation of radiative corrections

and in the evaluation of uncertainties. The validity of the large

top-quark mass limit approximation in NNLO calculations have

been established [45] at the percent level for Higgs masses below

a few hundred GeV. Updated predictions for the gluon fusion

cross sections at NNLO or through soft-gluon resummation up

to next-to-next-to-leading logarithmic accuracy (NNLL), and

two-loop electroweak effects as well as the inclusion of using the

most recent parametrizations of parton distribution functions at

next-to-next-to-leading order can be found in Refs. [42,46,47].

An alternative discussion of the evaluation and uncertainties of

the Higgs gluon fusion mechanism can be found in Refs. [48]. A

cross section calculation based on an effective field theory leads

to a better perturbative convergence achieved by resumming the

enhanced contributions arising from the analytic continuation

of the gluon form factor [49]. Updated predictions to compute

the gluon fusion cross sections at NNNLL in renormalization

group improved perturbation theory and incorporating two-loop

electroweak effects can be found in Ref. [50]. An additional

enhancement of the cross section is obtained when soft-gluon

resummation is extended to NNNLL order and a resummation

of the kinematically enhanced terms in the time-like gluon form

factor is performed [49]. For a detailed discussion and tables

of gluon fusion cross sections and uncertainties, as a function of

the Higgs boson mass and the LHC center of mass energy, see

Ref. [19].

In understanding the Higgs bosons properties, besides con-

sidering the inclusive cross sections it is relevant to consider

differential distributions. The experimental analysis must im-

pose cuts on the final state in order to improve the signal

to background ratio. The benchmark cuts need to be defined,

and the differential distributions compared at various levels

of theoretical accuracy, i.e., at NLO/NNLO and with Monte

Carlo (MC) generators. Many search modes for the Higgs bo-

son are carried out in the exclusive mode, i.e., by separating
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the events according to number of jets or the transverse mo-

mentum of the Higgs boson. In the heavy top quark mass

limit, the Higgs boson production in association with one jet

is considered in Refs. [51,52,53,54] and in association with two

jets in Refs. [55,56]. Moreover, a first calculation of Higgs-

boson production in association with a jet at NNLO in the

infinite top mass limit is considered in Ref. [57]. Most re-

cently there has been much activity in computing Higgs plus

jet(s) production processes [21,58] as well as on focusing on the

transverse-momentum spectrum of the SM Higgs (see Ref. [20]

and references therein).

II.4.3. Vector boson fusion production mechanisms at
hadron colliders

The next most relevant production mechanism of a SM

Higgs boson at the LHC is in association with two hard jets

in the forward and backward regions of the detector and is

dubbed Vector Boson Fusion (VBF). At the Tevatron, VBF

is also relevant, but for mH ≃ 125 GeV the Higgs production

in association with W as well as with a Z gauge boson are

more important. The vector boson fusion process qq → qqH +

X receives two type of contributions at hadron colliders: the

genuine VBF channel where the Higgs couples to a W or Z

gauge boson that connects two quark lines via t-and u-channel

diagrams, and the contribution to WH and ZH production

with the gauge bosons decaying hadronically. In the genuine

VBF production mechanism the hard jet pairs have a strong

tendency to be forward-backward directed in contrast to other

jet-production mechanisms. This allows to implement cuts to

suppress backgrounds, including the Higgs +2 jet production

via gluon fusion that becomes a background to this production

mechanism. The VBF cuts also suppress importantly the s-

channel production in the hadronic WH and ZH channels as

well as its interference with the t-and u-channels. The VBF

channel is not only relevant for Higgs searches but it also

provides an important handle in the determination of Higgs-

gauge boson couplings at the LHC [59].

The total cross section for electroweak Higgs production via

VBF: qq → qqH + X , has been computed in approximations
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and in full considering the NLO EW and QCD corrections [60].

Approximate NNLO QCD corrections to the total inclusive

cross section for VBF have been presented in Ref. [61]. After

including these NNLO QCD corrections the remaining theoreti-

cal uncertainties in the inclusive cross section are approximately

2%. The uncertainties due to parton distributions are estimated

to be at the same level. For a detailed discussion and tables

of VFB Higgs production cross sections and uncertainties as a

function of the Higgs boson mass and the LHC center of mass

energy, see Ref. [19].

Theoretical predictions for cross sections with cuts and

distributions are particularly interesting for the VBF production

mechanism since cuts on the tagging jets are used to suppress

events from Higgs + 2 jet production via gluon fusion as well

as other backgrounds. At present, differential distributions or

cross sections with cuts, are only available at NLO level. The

uncertainties are larger if jets are required or vetoed [20].

II.4.4. WH and ZH associated production mechanisms
at hadron colliders

The next most relevant Higgs boson production mecha-

nisms after gluon fusion and VBF at the LHC, and the most

relevant ones after gluon fusion at the Tevatron, are associated

production with W and Z gauge bosons. The cross sections

for the associated production processes qq → W±H + X and

qq → ZH+X receive contributions at NLO given by NLO QCD

corrections to the Drell–Yan cross section [62,63,64] and from

NLO EW corrections, that unlike the QCD corrections do not

respect the factorization into Drell–Yan production since there

are irreducible box corrections to qq → V H (V=W,Z) already

at one loop [65]. At NNLO, the QCD corrections to WH pro-

duction can be readily derived for the Drell–Yan part and for

the bulk of the ZH production [66]. For ZH production there

are, however, gluon-gluon induced contributions that do not

involve a virtual Z gauge boson but are such that the Z gauge

boson and H boson couple to gluons via top quark loops [67].

In addition both WH and ZH production receive non Drell–

Yan-like corrections in the qq initiated channels at the NNLO

level where the Higgs is radiated off top quark loops [68]. In
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summary, the most updated NNLO QCD corrections and the

NLO EW corrections for the total inclusive VH production cross

section are available in Ref. [69]. The residual uncertainty is

less than 5%. For a detailed discussion and tables of WH and

ZH associated production cross sections and uncertainties, as a

function of the Higgs boson mass and the LHC center of mass

energy see Ref. [19].

The WH and ZH associated productions together with the

Higgs boson production in association with top pairs are the

only processes where the Higgs decay into bottom pairs can

be studied, since the other available processes are swamped by

QCD background. Moreover to overcome SM QCD background

it is important to consider the full kinematical information of

the process and the W/Z leptonic decays. The NNLO QCD

corrections to the fully differential observables for WH and

ZH are available [70], while the EW NLO corrections have

been generalized for the processes pp → WH → νllH and

pp → ZH → l−l+H/νlν̄lH [20,21].

II.4.5. Higgs production in association with t̄t at hadron
colliders

Higgs radiation off top quarks pp → Htt is an important

production process at the LHC, in particular in the search

for Higgs decays into bottom quark pairs. Moreover, the mea-

surement of the ttH production rate can provide relevant

information on the top-Higgs Yukawa coupling. The LO cross

section was computed in Ref. [72]. Later on the NLO in QCD

corrections [73] were evaluated yielding a moderate increase in

the total cross section of at most 20%, but reducing significantly

the scale dependence of the inclusive cross section. The total

theoretical errors estimated combining the uncertainties from

scale dependence, strong gauge coupling dependence, and PDF

dependence, for low Higgs-boson masses, amount to 10–15% of

the corresponding cross sections. For a detailed discussion and

tables of Htt̄ associated production cross sections and uncer-

tainties, as a function of the Higgs boson mass and the LHC

center of mass energy, see Ref. [19].

A detailed study of the interface of the NLO QCD cal-

culation of ttH with parton shower Monte Carlo programs
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Table 2: mH = 125 GeV Higgs boson produc-
tion cross sections together with their relative
theory uncertaintities at the LHC operating at√
s = 7, 8 and14 TeV. From Refs. [19] and [21].

√
s cross section in pb mH = 125 GeV

(TeV) ggF VBF WH ZH tt̄H total

7 15.1+15%
−15%

1.22+3%
−2%

0.58+4%
−4%

0.33+6%
−6%

0.09+12%
−18%

17.4

8 19.3+15%
−15%

1.58+3%
−2%

0.70+4%
−5%

0.41+6%
−6%

0.13+12%
−18%

22.1

14 49.8+20%
−15% 4.18+3%

−3% 1.50+4%
−4% 0.88+6%

−5% 0.61+15%
−28% 57.0

provides a state-of-the-art tool to obtain theoretical predictions

and theoretical uncertainties on total and differential cross sec-

tions, including experimental cuts and vetos on the final-state

particles and their decay products [74]

II.4.6. Results of Higgs production cross sections at
Hadron colliders

The cross sections for the production of SM Higgs bosons

are summarized in Fig. 2 for pp collisions at the Tevatron [75],

and in Fig. 3 for pp collisions at
√
s = 8 TeV at the LHC [76].

A more detailed discussion, including uncertainties in the the-

oretical calculations due to missing higher order effects and

experimental uncertainties on the determination of SM parame-

ters involved in the calculations can be found in Refs. [19,20,21].

These references also contain state of the art discussions on the

relevance of PDF’s uncertainties, QCD scale uncertainties and

uncertainties due to different matching procedures when in-

cluding higher order corrections matched to parton shower

simulations as well as uncertainties due to hadronization and

parton-shower events.

Table 2, from Refs. [19] and [21], summarizes the Higgs

boson production cross sections at the various operating LHC

energies.
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Figure 2: SM Higgs boson production cross
sections for pp collisions at 1.96 TeV, includ-
ing theoretical uncertainties [75]. See full-color
version on color pages at end of book.

II.4.7. SM Higgs Branching Ratios and Total Width

For the understanding and interpretation of the experimen-

tal results, the computation of all the relevant Higgs decay

widths is essential, including an estimate of their uncertainties

and, when appropriate, the effects of Higgs decays into off-shell

particles with successive decays into lighter SM ones. Given

the value of the Higgs boson mass, it is a good approximation

to compute the partial widths for the on-shell Higgs boson,

and then use them to compute the branching ratios. A Higgs

mass of 125.5 GeV provides an excellent opportunity to explore

the Higgs couplings to many of the SM particles. In particular

the dominant decay modes are into H → bb̄ and H → WW ∗,

followed by H → gg, H → τ+τ−, H → cc̄ and H → ZZ∗.

With much smaller rates follow the Higgs decays into H → γγ,

H → γZ and H → µ+µ−, with the decay into two photons

being of particular relevance due to the small SM backgrounds

involved. Since the decays into gluons, diphotons and Zγ are

loop induced, they provide indirect information on the Higgs to

WW, ZZ and tt̄ couplings in different combinations. In practice,
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Figure 3: SM Higgs boson production cross
sections for pp collisions at 8 TeV, including the-
oretical uncertainties [76]. See full-color version
on color pages at end of book.

the H → tt̄ coupling is mainly probe in the gluon fusion Higgs

production and Htt̄ associated production processes discussed

previously. The Higgs decays into WW ∗ and ZZ∗ effectively

need to be studied considering the decays of the gauge bosons

into 4 fermions, considering the leptonic, semi-leptonic and full

hadronic final states. The uncertainties in the branching ratios

include the missing higher order corrections in the theoretical

calculations as well as the errors in the SM input parameters, in

particular fermions masses and gauge couplings, involved in the

calculations. In the following we will briefly discuss the state of

the art of the theoretical calculations and refer the reader to

Refs. [19,20] for further details.

The evaluation of radiative corrections of fermionic decays of

the SM Higgs at different levels of accuracy are available in the

literature and are implemented in HDECAY [77]. The decays

H → bb̄ and H → cc̄ are computed including the complete

massless QCD corrections up to and including NNNNLO, with
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a corresponding scale dependence of about 0.1% [78]. Both the

electroweak corrections to H → bb̄, cc̄ as well as H → τ+τ−

are known at NLO [79] with an accuracy of about 1-2% for

mH ≃125.5 GeV. In the case of H → tt̄, the radiative QCD

corrections are computed at NLO [80] while the electroweak

corrections due to self interactions of the Higgs bosons are

available at NLO.

The loop induced decays of the SM Higgs are known at

NLO and partially beyond that approximation. For H → gg,

the QCD corrections are known up to NNNLO in the limit of

heavy top quarks [81,39] and the uncertainty from the scale

dependence is about 3%. For the H → γγ, the full NLO

QCD corrections are available [39,82]. The NLO electroweak

corrections to H → gg and H → γγ have been computed in

Ref. [83]. Missing higher orders corrections are estimated to be

below 1%. All these corrections are implemented in HDECAY.

In addition the contribution of theH → γe+e− decay via virtual

photon conversion has been computed in Ref. [84]. The partial

decay width H → Zγ has been computed at NLO in QCD [85]

and electroweak corrections but it is only implemented at LO

in HDECAY, including the virtual W, top, bottom, and τ loop

contributions. The remaining contributions are less than 5%,

an accuracy that will be hard to achieve in measurements at

the LHC.

The evaluation of the decays H → WW/ZZ → 4f are

based on PROPHECY4F [86], a Monte Carlo event generator

which considers the LO and NLO partial widths for any possible

4- fermion final state. It includes the complete NLO QCD and

electroweak corrections and all interferences at LO and NLO,

meaning that it takes into account both the corrections to the

decays into intermediate WW and ZZ states as well as their in-

terference for all possible 4 fermion final states. The calculation

is consistently performed with off-shell gauge bosons without

any on-shell approximation, hence, it is valid above, near, and

below the gauge-boson pair thresholds. The treatment of the

LO and NLO gauge-boson widths ensures that the effective

W and Z branching ratios add up to one. For the SM Higgs

boson mass the missing higher-order corrections are estimated
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to roughly 0.5%. Such uncertainties will have to be combined

with the parametric uncertainties, in particular those associated

to the bottom quark mass and the strong gauge coupling, to

arrive at the full theory uncertainties. When discussing differ-

ential distributions for H → WW/ZZ → 4f it is important

to emphasize the impact of NLO corrections and in particular

the impact of interference effects on such distributions. These

effects are included in PROPHECY4F which is based on the

full H → 4f matrix elements including all interferences between

different Feynman diagrams. A more detailed treatment of the

differential distributions for a Higgs decay with four charged

leptons in the final state is presented in Ref. [21].

The branching ratios for the most relevant decay modes of

the SM Higgs boson as functions of mH , including the most

recent theoretical uncertainties, are shown in Fig. 4. The total

decay width as function of mH is shown in Fig. 5. Further de-

tails of these calculations can be found in Refs. [17,18,19,20,21].
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Figure 4: Branching ratios for the main de-
cays of the SM Higgs boson, including theoreti-
cal uncertainties [21]. See full-color version on
color pages at end of book.
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Figure 5: The total decay width of the SM
Higgs boson, shown as a function of mH [19].

III. Searches For the Standard Model Higgs boson

Indirect experimental bounds for the SM Higgs boson mass can

be obtained from fits to precision measurements of electroweak

observables. The Higgs boson contributes to the W± and Z

vacuum polarization through loop effects, leading to a loga-

rithmic sensitivity of the ratio of the W± and Z gauge boson

masses on the Higgs boson mass. A global fit to the precision

electroweak data accumulated in the last two decades at LEP,

SLC, the Tevatron, and elsewhere, suggests mH = 94+29
−24 GeV,

or mH < 152 GeV at 95% C.L. [91].

Direct and model-independent searches for the Higgs boson

were conducted by the ALEPH, DELPHI, L3, and OPAL ex-

periments at LEP e+e− collider. The combination of LEP data

collected near the Z resonance and at center-of-mass energies

up to 209 GeV yielded a 95% Confidence level (CL) lower

bound [95] of 114.4 GeV for the mass of the SM Higgs boson.

Following the shutdown of the LEP collider in 2000, the direct

search for the Higgs boson was picked up at Fermilab’s Teva-

tron pp collider. The combined results [115] from approximately
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10 fb−1 recorded by the CDF and DØ experiments excluded

two ranges in mH : between 90 GeV and 109 GeV, and between

149 GeV and 182 GeV. In addition, a broad excess in data

was seen in the mass range 115 GeV < mH < 140 GeV with a

local significance3 of 3 standard deviations. The commissioning

in 2010 and the high intensity running of the LHC pp collider

at CERN at
√
s =7 TeV in 2011 followed by an energy boost

to
√
s =8 TeV in 2012 opened up a new landscape where the

Higgs boson could be searched for, quickly and effectively, in

the 110-1000 GeV mass range.

The announcement on 4th July 2012 of the observation

[1–2] at the LHC of a narrow resonance with a mass of about

126 GeV has provided an important new direction in the

decades long search for the SM Higgs boson. The analyzed data

corresponded to integrated luminosities of up to 4.8 (5.1) fb−1

at
√
s = 7 TeV in 2011 and 5.9 (5.3) at

√
s = 8 TeV in 2012

recorded by the ATLAS and CMS experiments respectively.

The observed decay channels indicated that the new particle is

a boson. The evidence was strong that the new particle decays

to γγ and ZZ with rates consistent with those predicted for

the Standard Model (SM) Higgs boson. There were indications

that the new particle also decays to W+W−. While the decays

to bb̄ and τ+τ− were searches for, no statistically significant

signal was found in that data.

The significance of such an observation can be quantified

by a p-value [97], which is the probability to observe an

upward fluctuation of the background which gives a result at

least as signal-like as that observed in the data. For example, a

p-value of 2.87× 10−7 corresponds to a five standard deviation

excess over the background-only prediction. Fig. 6 shows the

p-values reported by the ATLAS and CMS experiments for

each analysis channel and their combination. ATLAS observed

the largest excess with a local significance of 5.0σ at a mass

mH = 126.5 GeV, with an expected significance of 4.6σ if a

SM Higgs boson were present at such mass. CMS observed an

3 In this review, we use the phrase “local significance” to indi-

cate a calculation of the significance not corrected for the look-

elsewhere effect [96].
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excess with a local significance of 4.9σ at a mass of 125.5 GeV,

with an expected significance of 5.9σ, and measured the mass

of the new boson as mH = 125.3± 0.6 GeV.

Even as this discovery was being announced, ATLAS and

CMS continued to accumulate pp collision data as
√
s = 8 TeV

recording a total of about 20 fb−1 each at this energy. Fig. 7

shows four snapshots of the evolution of the p-value Vs mH

with increasing datasets.

In the remainder of this section we focus on the recent

major results. Unless explicitly mentioned, all measurements

are based on the full data set recorded by the Tevatron and the

LHC experiments.

III.1. The Discovery channels

The discovery channels of the SM Higgs boson depend on its

mass mH . For a given mH the sensitivity of the search channel

depends on the production cross section of the Higgs bosons,

its decay branching fraction, reconstructed mass resolution,

selection efficiency and the level of background in the final state.

For a low mass Higgs boson ( 110 < mH < 150 GeV) where the

natural width of the Higgs boson is only a few MeV, the five

modes that play an important role are listed in Table 3. In the

H → γγ andH → ZZ → 4ℓ channels all final state particles can

be very precisely measured and the reconstructed mH resolution

October 29, 2013 21:25



– 25–

 [GeV]Hm
110 115 120 125 130 135 140 145 150

0
L
o
c
a
l 
p

-13
10

-12
10

-11
10

-10
10

-9
10

-8
10

-7
10

-6
10

-5
10

-4
10

-3
10

-2
10

-1
10

1

10

σ1
σ2

σ3

σ4

σ5

σ6 σ6

σ7

HCP/Council 2012

CMS Prel. [24]

ATLAS Prel. [23]

7 and 8 TeV
-1

 25 fb≈Ldt∫

0
L
o
c
a
l 
p

-13
10

-12
10

-11
10

-10
10

-9
10

-8
10

-7
10

-6
10

-5
10

-4
10

-3
10

-2
10

-1
10

1

10

Council/ICHEP 07/2012

CMS Prel. [23]

ATLAS Prel. [22]

σ1
σ2

σ3

σ4

σ5

σ6

7 and 8 TeV
-1

 10 fb≈Ldt∫

0
L
o
c
a
l 
p

-13
10

-12
10

-11
10

-10
10

-9
10

-8
10

-7
10

-6
10

-5
10

-4
10

-3
10

-2
10

-1
10

1

10

Winter 2011/12
CMS [25]

ATLAS Prel. [28]

σ1
σ2

σ3

σ4

σ5

σ6

 = 7 TeVs
-1

 5 fb≈Ldt∫

0
L
o
c
a
l 
p

-13
10

-12
10

-11
10

-10
10

-9
10

-8
10

-7
10

-6
10

-5
10

-4
10

-3
10

-2
10

-1
10

1

10

Summer 07/2012
CMS Prel. [20]

ATLAS Prel. [21]

σ1
σ2

σ3

σ4

σ5

σ6

 = 7 TeVs
-1

 1 fb≈Ldt∫

Figure 7: Evolution of the signal significance
observed by the ATLAS and CMS experiments
(a) Summer’11 ( ≈ 1fb−1/expt ) (b) Winter’12 (
≈ 5fb−1/expt ) (c) Summer’12 (≈ 10fb−1/expt
) and (d) Winter’12 (≈ 25fb−1/expt ).

October 29, 2013 21:25



– 26–

is excellent. While the H → W+W− → ℓ+νℓℓ
′−ν̄ℓ′ channel

has relatively large branching fraction, the mH resolution is

poor due to the presence of neutrinos. The H → bb̄ and the

H → τ+τ− channels suffer from large backgrounds and a poor

mass resolution. For mH > 150 GeV, the discovery channels

are H → WW & H → ZZ where the W or Z boson decays

into a variety of leptonic and hadronic final states.

Table 3: The five low mass Higgs boson dis-
covery channels.

Decay channel mH range (GeV) mH resolution

(approximate)

H → γγ 110 – 160 1-2%

H → ZZ → ℓ+ℓ−ℓ′+ℓ′− 110 – 1000 1-2%

H → W+W− → ℓ+νℓℓ
′−ν̄ℓ′ 110 – 1000 20%

H → bb̄ 110 – 140 10 %

H → τ+τ− 110 – 145 15 %

III.1.1. H → γγ

In the H → γγ channel a search is performed for a nar-

row peak over a smoothly falling background in the invariant

mass distribution of two high pT photons. The background in

this channel is high and stems from prompt γγ, γ+jet and

dijet processes. In order to optimize search sensitivity and also

to separate the various Higgs production modes, ATLAS and

CMS experiments split events into several mutually exclusive

categories. Diphoton events containing a high pT muon, elec-

tron. dijets or missing energy (Emiss
T ) consistent with the decay

of a W or Z boson are tagged in the VH production cate-

gory, those containing energetic dijets with a large mass and

psuedorapidity difference are assigned to the VBF production

category and the remaining events (≈ 99% of the total) are con-

sidered in the gluon fusion production category. The VH and

VBF categories have significant contamination from the gluon

fusion channel. Untagged events are further categorized accord-

ing to their expected mγγ resolution and signal-to-background
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ratio. Categories with good mH resolution and largeer signal-

to-background ratio contribute most to the sensitivity of the

search.

In each category, Z → e+e− and Z → µ+µ−γ events from

data are used to construct a parametric signal model. The

functional form of the background is determined by a fit to

the full mγγ distribution in each category. All categories are

fitted simultaneously to determine the signal yields. In the full

dataset, the Mγγ distribution after combining all categories are

shown for the ATLAS experiment in Fig. 8 and for the CMS

experiment in Fig. 9 . ATLAS observes [101] an enhancement

at mH = 126.5 GeV with a significance of 7.4σ compared with

4.3σ expected for SM Higgs boson at that mass. CMS observes

[106] its largest excess at mH = 125.4 GeV with a significance

of 3.2σ compared with 4.2σ expected for SM Higgs boson of

that mass.

The signal strength µ = (σ · B)obs/(σ · B)SM which is the

observed product of the Higgs boson production cross (σ)

section and its branching ratio (B) in units of the corresponding

SM values, is 1.65+0.34
−0.30 for ATLAS and 0.78± 0.27 for CMS at

their reported masses.

CMS has also searched for H → γγ in the ttH production

mode and set a 95% CL upper limit of on the signal strength

µttH < 5.4 for mH = 125 GeV [103].
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III.1.2. H → ZZ(∗) → ℓ+ℓ−ℓ′+ℓ′−, (ℓ, ℓ′ = e, µ)

In the H → ZZ(∗) → ℓ+ℓ−ℓ′+ℓ′− channel a search is

performed for a narrow mass peak over a small continuous

background dominated by non-resonant ZZ(∗) production from

gg fusion and qq annihilation processes. The contribution and

the shape of this background is taken from simulated events.

The subdominant and reducible backgrounds stem from Z + bb̄,

tt and Z+jets events and their yield is estimated from data.
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To help distinguish the Higgs signal from the dominant

non-resonant ZZ(∗) background, CMS uses a matrix element

likelihood approach [2] to construct a kinematic discriminant

built for each 4ℓ event based on the ratio of complete leading-

order matrix elements |Msig
2/Mbkg

2| for the signal (gg →
H → 4ℓ ) and background(qq → ZZ → 4ℓ) hypotheses. The

signal matrix element Msig is computed assuming mH = m4ℓ.

To enhance the sensitivity to VBF and VH production

processes, ATLAS and CMS experiment divide 4ℓ events into

mutually exclusive categories. Events containing dijets with a

large mass and psuedorapidity difference populate the VBF

category. ATLAS requires presence of an additional lepton in

the VH category. In events with less than two jets, CMS uses

the p4ℓT to distinguish between production via gluon fusion and

VH/VBF processes.

Since the m4ℓ resolutions and the reducible background

levels are different in the 4µ, 4e and 2e2µ sub-channels, they

are analyzed separately and the results combined.

The combined ATLASm4ℓ distribution is shown in Fig. 10(left).

The largest deviation from the SM background-only expecta-

tion is observed at mH = 124.3 GeV where the significance

of the observed peak is 6.6σ in the full 7 & 8 TeV data. The

expected significance for the SM Higgs boson at that mass is

4.4σ.As shown in Fig. 11, the CMS experiment observes its

largest excess at mH = 125.8 GeV with a observed significance

of 6.6σ to be compared with an expected significance of 7.2σ

at that mass. Both experiments also observe a clear peak at

m4ℓ = 91 GeV from Z/γ∗ production at the expected rate.

The signal strength µ for the inclusive H → 4ℓ production

measured by the ATLAS and CMS experiments are 1.7+0.5
−0.4 and

0.91+0.30
−0.24 respectively.

III.2. Mass & Width Measurements

In order to measure the mass of the observed state, AT-

LAS and CMS experiments combine the measurements from

the γγ and ZZ channels which have excellent mass resolution

and where excesses with large significance are observed. For a

model-independent mass measurement, the signal strengths
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in the γγ and ZZ channels are assumed to be indepen-

dent and not constrained to the expected rate (µ = 1) for

the SM Higgs boson. The combined mass measured by AT-

LAS [101] and CMS [100] are 125.5± 0.2(stat.) +0.5
−0.6(syst.) GeV

and 125.7 ± 0.3(stat.) ± 0.3(syst.) GeV respectively. In both

experiments the systematic uncertainty is dominated by the

imprecision in the knowledge of the photon energy and the lep-

ton momentum scale. Fig. 12 summarizes these measurements
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and our combination of the two results assuming uncorrelated

systematic uncertainties.

The natural width of a SM Higgs boson with a mass

of 125 GeV is about 4 MeV, much smaller than the mass

resolution obtainable with the most precisely measured photons

and leptons in ATLAS and CMS. Nevertheless, 95 % CL bounds

on the width of the Higgs boson of ΓH < 6.9 GeV [104] and

ΓH < 3.4 GeV [107] have been placed from the investigations

in the γγ and ZZ channels respectively by CMS.

Mass [GeV]

Combination

ATLAS Combined
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Figure 12: A compilation of the CMS and
ATLAS mass measurements in the γγ and ZZ
channels, the combined result from each experi-
ment and our average of the combinations.

III.3. H0 → W+W− → l+νl−ν

While the production rate in this channel is large, due to the

presence of two neutrinos in the decay, in the H → W+W− →
ℓ+νℓ−ν̄ channel the mH resolution is quite poor (≈ 20% mH)

so the search is reduced to a counting experiment of event yield

in broad bins in mH .

Experiments search for an excess of events with two leptons

of opposite charge accompanied by missing energy and up to

two jets. Events are divided into several categories depending on
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the lepton flavor combination (e+e−, µ+µ−and e±µ∓) and the

number of accompanying jets (Njet = 0, 1,≥ 2). The Njet ≥ 2

category is optimized for VBF production process by selecting

two leading jets with a large pseudorapidity difference and with

a large mass (mjj > 500 GeV). Backgrounds contributing to

this channel are numerous and vary by the category of selected

events. Reducing them and accurately estimating the remain-

der is major challenge in this analysis. For events with opposite

flavor lepton and no accompanying high pT jets, the dominant

background stems from non-resonant WW production. Events

with same flavor leptons suffer from large Drell–Yan contam-

ination. tt , Wt and W+jets (with the jet misidentified as a

lepton) contaminate all categories. Non-resonant WZ, ZZ and

Wγ processes also contribute to the background at a sub-leading

level.

A requirement of large missing energy (Emiss
T ) is used

to reduce the Drell–Yan and multi-jet backgrounds. In the

e+e−& µ+µ− categories events with mll consistent with the

Z mass are vetoed. The tt background is suppressed by a

veto against identified b-jets or low pT muons (assumed to be

coming from semileptonic b-hadron decays within jets) and tight

isolation requirements diminish the W+jets background. The

scalarity of the Higgs boson and the V-A nature of the W boson

decay implies that the two charged leptons in the final state are

emitted at small angles. Therefore the dilepton invariant mass

(mℓℓ) and the azimuthal angle difference between the leptons

(∆φℓℓ) are used to discriminate between the signal and non-

resonant WW events. The transverse mass constructed from the

dilepton pT (pℓℓT ) , E
miss
T and the azimuthal angle between Emiss

T

and pℓℓT and defined as mT =
√

2pℓℓT E
miss
T (1− cos∆φEmiss

T
ℓℓ)

serves as an effective discriminant against backgrounds.

All residual background rates except for the small contri-

butions from non-resonant WZ, ZZ and Wγ are evaluated from

control samples devised from data.

The mT distributions of selected events is shown in Fig. 13

and Fig. 14 for the ATLAS and CMS experiments respectively.

The 0-jet category is dominated by non-resonant WW back-

ground while tt dominates the the 1 & 2 jet categories. Both
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Figure 13: (Left) The mT distribution for
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e±µ∓ events and with ≥ 2 associated jets. The
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experiments see a clear excess over background expectation

in the 0 & 1 jet categories. ATLAS fits the mT distribu-

tions and observes [101,108] the most significant excess for

mH = 140 GeV. The significance of the observed excess for

mH = 125.5 GeV is 3.8σ, the same as expected. The measured

inclusive signal strength µ = 1.01± 0.31. In the VBF category

an excess with a significance of 2.5σ corresponding to a signal

strength of µVBF = 1.66± 0.67± 0.43 is observed for mH = 125

GeV. The CMS analysis of 0 & 1 jet categories, using all lepton

flavor combinations, shows [110] an excess with an observed

significance of 4σ consistent with the expected significance of

5.1σ for a 125 GeV Higgs boson. A separate analysis optimized

for the VBF mode reports [111] no significant excess and sets a

95% CL upper limit of µVBF < 1.7 for mH = 125 GeV

The ATLAS and CMS experiments have also searched for

associated Higgs boson production (VH) in this channel and

have set 95% CL limits on µVH of 7.2 [109] and 5.0 [112]

respectively for mH = 125 GeV.
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III.4. Decays to fermions

As described in III.I, significant signals for the decay of

the observed boson in the the γγ, ZZ and W+W− channels

have been observed by the ATLAS and CMS experiments. The

measured signal strengths in these channels are consistent with

this boson playing a role in electroweak symmetry breaking.

However the nature of its interaction with fermions and whether

this Higgs-like boson serves also as a source of mass generation

for quarks and leptons via Yukawa interactions is a topic of

active investigation.

At the Hadron colliders, the most promising channel for

probing the coupling of the Higgs field to the quarks and

leptons are H → bb and H → τ+τ− respectively. For a Higgs

boson with mH ≈ 125 GeV, the branching fraction to bb is

about 57% and to τ+τ− is about 6%. Nevertheless the presence

of overwhelming backgrounds makes the isolation of a Higgs

boson signal in these channels quite challenging.

III.4.1. H0 → bb̄

The dominant production mode gg → H → bb̄ is over-

whelmed by the background from the inclusive production of
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pp̄ → bb̄ + X via the strong interaction. The associated pro-

duction modes W±H and ZH (collectively termed V H modes)

allow use of the leptonic W and Z decays to purify the signal

and reject QCD backgrounds. W bosons are reconstructed via

their leptonic decay W± → ℓν̄ℓ where ℓ = e, µ or τ . The Z

bosons are reconstructed via their decay into e+e−, µ+µ−or νν̄.

The Higgs boson candidate mass is reconstructed from two

b-tagged jets in the event. Backgrounds arise from production

of W & Z bosons in association with gluon, light and heavy-

flavored jets (V+jets), tt, non-resonant diboson (ZZ & WZ with

Z → bb) and QCD multijet processes. Due to the limited m
bb

mass resolution, a SM Higgs boson signal is expected to appear

as a broad enhancement in the reconstructed dijet mass dis-

tribution. The crucial elements in this search are b-jet tagging

with high efficiency and low fake rate, accurate estimate of b-jet

momentum and estimate of backgrounds from various signal

depleted control samples constructed from data.

CDF and DØ collaborations use multivariate analysis

(MVA) techniques that combine several discriminating vari-

ables into a single final discriminant used to separate signal

from background. Each channel is divided into exclusive sub-

channels according to various lepton, jet multiplicity, and b-

tagging characteristics in order to group events with similar

signal-to-background ratio and thus optimize the overall search

sensitivity. The combined CDF & DØ data shows [114,115] an

excess of events with respect to the predicted background in the

most sensitive bins of the discriminant distributions suggesting

the presence of a signal. Fig. 15 (left) shows the best-fit cross

section times branching ratio (σWH + σZH)× B(H → bb) as

well as the SM prediction as a function of mH . The p-value,

the observed and expected significance as a function of mH

are shown in Fig. 15(right). A significant excess of events is

observed in the 115-140 GeV mass range. At mH = 125 GeV

the local significance of the excess is 3.0 standard deviations.

At that mass, the observed signal strength µ = 1.59+0.69
−0.72.
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Figure 15: Result from the Tevatron: (Left)
The best-fit cross section times branching ra-
tio (σWH + σZH)× B(H → bb) as well as the
SM prediction as a function of mH . The dark
and light-shaded regions indicate the 1 and 2
standard deviations measurement uncertainties,
and the SM prediction is shown as the smooth,
falling curve. The expected cross section fit val-
ues assuming a SM Higgs boson with mH = 125
are shown with dot-dashed lines for the expected
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To reduce the dominant V+jets background, following

[113], the LHC experiments select a region in VH production

phase space where the vector boson is significantly boosted and

recoils from the H → bb candidate with a large azimuthal angle

∆φVH. For each channel, events are categorized into different

pT (V) regions with varying signal/background ratios. Events

with higher pT (V) have smaller backgrounds and better mbb

resolution. CMS uses [116] MVA classifiers based on kinematic,

topological and quality of b-jet tagging and trained on different

values of mH to separate Higgs boson signal in each category

from backgrounds. MVA output for all categories are then fit

simultaneously. Fig. 16(left) shows the combined MVA output

of all channels where events are gathered in bins of similar

expected signal-to-background ratios as predicted by the MVA
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discriminants. The excess of events observed in bins with the

largest signal-to-background ratios is consistent with the pro-

duction of a 125 GeV SM Higgs boson with a significance of 2.1

standard deviations. The observed signal strength at 125 GeV

is µ = 1.0±0.5. Fig. 16(right) shows the mbb distribution for all

categories combined, weighted by signal to background ratio in

each category, with all backgrounds except dibosons subtracted.

The data also show the presence of a diboson (W/Z +Z → bb

signal with a rate consistent with the standard model prediction

together with an excess consistent with the production of the

SM Higgs boson with mH = 125 GeV.
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Figure 16: CMS results: (left) The combina-
tion of all channels into a single distribution.
The two bottom insets show the ratio of the
data to the background-only prediction (above)
and to the predicted sum of background and
SM Higgs boson signal with a mass of 125
GeV(below). (right) The m

bb
distribution with

all backgrounds, except dibosons, subtracted.
The solid histograms for the backgrounds and
the signal are summed cumulatively. The line
histogram for signal and for VV backgrounds
are also shown superimposed.

ATLAS performs a cut based analysis [120], with selected

events divided into a large number of categories in pT (V). mbb is

used as the discriminating variable, and customized control sam-

ples devised from data are used to constrain the contributions of

the dominant background processes. Fig. 17(left) shows the m
bb
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distribution where the contributions from signal regions in all

categories are summed weighted by the expected-Higgs-boson-

signal over background ratio. No significant excess is observed

(see Fig. 17(right) ). The signal strength for mH = 125 GeV is

measured to be ¯ µ = 0.2± 0.5(stat.)± 0.4(syst.).
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Figure 17: ATLAS results: (Left) The mbb
distribution in data after subtraction of all back-
grounds except for the diboson processes and for
the associated WH and ZH production of a SM
Higgs boson with mH = 125 GeV. (right) The
observed local p-value as a function of mH . The
dashed curves show the expected local p-value
under the hypothesis of a SM Higgs boson signal
at that mass.

In 19 fb−1 of
√
s = 8 TeV data, CMS has searched for

H → bb in the VBF [117] production mode and placed a 95%

CL limit on the signal strength of µVBF < 3.6.

The most sensitive search for ttH production mode with

H → bb has been reported [119] by the CMS experiment

using a partial data set of 5(5.1) fb−1 at
√
s = 7 (8) TeV

respectively. Two tt final states are considered (a) the dilepton

final state tt → ℓ+νℓ−νbb and (b) the lepton + jets final

state tt → ℓ+νqq
′

bb. The backgrounds in this search are low

and dominated by tt + bb production but the the small signal

production cross-section reduces the search sensitivity. The 95%

CL upper limit on the signal strength is µttH < 5.8.
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III.4.2. H0 → τ+τ−

In the H → ττ search, τ lepton decaying to electrons

(τe), muons (τµ) and hadrons (τhad) are considered. mττ is

reconstructed from the visible products from the two τ leptons

and the missing energy observed in the event. Due to the

presence of missing neutrinos, the mτ+τ− resolution is poor (≈
15%. As a result, a broad excess over the expected background

in the mττ distribution is searched for. The major sources

of background stem from Drell–Yan Z → τ+τ− and Z →
e+e−, W+jets, tt and multijet production. Events in all sub-

channels are divided into categories based on the number

and kinematic properties of additional energetic jets in the

event. The sensitivity of the search is generally higher for

categories with one or more additional jets. The VBF category

consisting of a ττ pair with two energetic jets separated by

a large pseudorapidity has the best signal-to-background and

search sensitivity. Since the signal to background discrimination

depends on mττ resolution which improves with the boost of

the Higgs boson, the non-VBF categories are further subdivided

according to the observed boost of the τ+τ− system. The 0-

jet category which has the poorest signal/background ratio is

used to constrain the background yields, the reconstruction

efficiencies, and the energy scales.

H → τ+τ− decays in the VH production mode are searched

for in final states where the W or Z boson decays into leptons or

into two jets (ATLAS only). While the decays to tau pairs are

the dominant Higgs boson signal contribution, the final states

used can additionally be produced by the decay of the Higgs

boson into a pair of W bosons that both decay to leptons. The

irreducible background in this search arises from non-resonant

WZ and ZZ diboson production. The reducible backgrounds

originate from W, Z and tt events that contain at least one

fake lepton in the final state due to a misidentified jet. The

shape and yield of the major backgrounds in each category

is estimated from control samples in data. Contributions from

non-resonant WZ and ZZ diboson production is estimated from

simulations but corrected for reconstruction efficiency using

control samples formed from data.
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Fig. 18 (left) shows the CMS [121] mττ distributions

combining all non-VH categories, weighting the distributions

in each category of each sub-channel by the ratio between the

expected signal and background yields for that category. The

inset plot shows the difference between the observed data and

expected background distributions, together with the expected

distribution for a SM Higgs boson signal with mH = 125 GeV.

The p-value and significance of the observed excess are shown

in Fig. 18(right). For mH = 125 GeV, the significance of the

observed excess at mH = 125 GeV is 2.85 standard deviations

and corresponds to a signal strength of µ = 1.1± 0.4.
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Figure 18: CMS results : (left) Combined ob-
served and expectedmττ distributions for τµτhad
, τeτhad, τhadτhad and τeτµ sub-channels. The in-
sert shows the difference between the observed
data and the expected background distributions,
together with the expected signal distribution
for a SM Higgs signal at mH = 125 GeV.
The integral of the distribution of signal events
corresponds to the number of signal events ob-
served in the 1-jet and VBF categories. (right)
Observed and expected p-values, and the cor-
responding significance in number of standard
deviations. These results include the results of
the search in the VH mode.

Current ATLAS results [122] are based on a partial data

sample of 4.7fb−1 at 7 TeV and 13.0fb−1 at 8 TeV. At mH = 125

GeV, the observed (expected) deviation from the background-

only hypothesis corresponds to a local significance of 1.1 (1.7)
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standard deviations and the best fit value of ¯the signal strength

µ = 0.7 ± 0.7. The 95 % CL upper limit on µ is 1.9 times the

SM prediction.

III.5. Observed Signal Strengths

*****WE have to be careful with the refs for individual

modes and point out that the combination is based on results

available till Winter’13 *******

The µ value obtained by ATLAS [101] and CMS [100] in

the five channels and the combined best fit value are displayed

inFig. 19. The µ value for each channel and the combination is

calculated for the best fit mass of 125.5 and 125.7 by ATLAS

and CMS respectively. The ATLAS combination used only the

γγ, WW and ZZ channels for which the full 7 & 8 TeV

data were analyzed. Table 12 summarizes the measurements

from the Tevatron and the LHC (CHECK CONSISTENCY

OF NUMBERS). All measurements are consistent with the

expectation from the SM Higgs boson with a mass of 125 GeV.

)µBest fit signal strength (
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Figure 19: Signal strengths measured by the
ATLAS [101,120], [122] and CMS [100] exper-
iments in the five principal channels and their
combination. ATLAS USES ONLY Gamgam,
ZZ, WW , CMS uses only Hbb with partial
dataset (HCP’12)
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Table 4: Overall channel signal strengths, ****this
plot has to be shrunk to show Hbb values****;
check consistency of numbers with what is in
the references; add correct references in table

γγ ZZ (4ℓ) WW (ℓνℓν) ττ W/Z(bb)

ATLAS

µ (at 125.5 GeV) 1.5±0.4 1.6±0.3 1.0±0.3 0.8±0.7

Z Exp. 4.1 4.4 3.8 1.6

Z Obs. 7.4 6.6 3.8 1.1

Mass (GeV) 126.8±0.2±0.7 124.3±0.5±0.5 - -

Reference [21] [21] [21] [21]

CMS

µ (at 125.5 GeV) 0.8±0.3 0.9±0.3 1.5±0.4 1.5±0.4

Z Exp. 3.9 7.1 5.3 2.6

Z Obs. 3.2 6.7 3.9 2.8

Mass (GeV) 125.6±0.2±0.7 125.6±0.2±0.7 125.6±0.2±0.7

Reference [22] [22] [22] [22]

Tevatron

µ (at 125 GeV) 6.0+3.4
−3.1 – 1.6±1.2 1.7+2.3

−1.7

Reference [24] [24] [24] [24]

III.6. Searches for Rare Decays of the Higgs boson

This subsection will move away from Section 3

III.6.1. H0 → Zγ

The search for H → Zγ is performed in the final states

where the Z boson decays into opposite sign and same flavor

leptons (ℓ+ℓ−). ℓ here refers to eor µ. While the branching

fraction for H → Zγ is comparable to H → γγ (about 10−3) at

mH = 125GeV, the observable signal yield is brought down by

the small branching ratio of Z → (e+e− + µ+µ−) = 6.7× 10−2.

In these channels, the mℓℓγ mass resolution is excellent (1-3%)

so the analyses search for a narrow mass peak over a continuous

background. The major backgrounds arise from the Z+γ , final

state radiation in Drell–Yan decays and Z + jets process where

a jet is misidentified as a photon.

Events are divided into mutually exclusive categories on ba-

sis of the expected mZγ resolution and the signal-to-background
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ratio. A VBF category is formed for H → Zγ candidates which

are accompanied by two energetic jets separated by a large psue-

dorapidity. While this category contains only ≈ 2% of the total

event count, the signal-to-noise is about an order of magnitude

higher. The search for a Higgs boson is conducted indepen-

dently in each category and the results from all categories are

then combined.

The CMS mℓ+ℓ−γ spectrum with all search categories com-

bined is shown in Fig. 20(left). The observed and expected

95% CL upper limit [123] on the signal strength µ are 9.5

and 10 respectively. The ATLAS expected and observed upper

limits [124] on µ are 18.2 and 13.5 respectively.

Figure 20: The mℓ+ℓ−γ spectrum observed
by CMS with all categories combined. Also
shown is the expected signal due to a 125 GeV
SM Higgs boson scaled by factor of 75 and the
sum of the individual fits made to the data for
each category.

III.6.2. H0 → µ+µ−

H → µ+µ− is the only channel where the Higgs coupling

to second generation fermions can be measured at the LHC.

The branching fraction in this channel for a 125 GeV SM Higgs

boson is 2.2 × 10−4, about ten times smaller than that for

H → γγ. The dominant and irreducible background arises from

the Z/γ∗ → µ+µ− process which has a rate several orders of

magnitude larger than that from the SM Higgs boson signal.

Due to the precise muon momentum measurement achieved by
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ATLAS and CMS, the mµ+µ− mass resolution is excellent (≈
2− 3%) but rendered marginally asymmetric due to final state

radiation from the muons. A search is performed for a narrow

peak over a large but smoothly falling background. For optimal

search sensitivity, events are divided into several categories. To

take advantage of the superior muon momentum measurement

in the central region, the two experiments subdivide events by

the pseudorapidity of the muons. To suppress the Drell–Yan

background, ATLAS requires pµ
+µ−

T > 15 GeV while CMS

separates them into two pµ
+µ−

T based categories. CMS further

categorizes events by the number and the topology of additional

energetic jets in the event.

The mµ+µ− distribution from ATLAS analysis of their

8 TeV data is shown in Fig. 21. No signal is observed for

mH = 125 GeV and an upper limit on the signal strength

µ < 9.8 is set. The CMS analysisCmsHmumuPAS13 of their 7

and 8 TeV data sets a limit of µ < 7.4
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IV. Properties and Nature of of the New Bosonic Reso-

nance

introduction here

A significant deviation in the measurement of the couplings

or CP properties of the recently discovered Higgs boson could

indirectly signal the presence of an extended Higgs sector.

IV.1. Main quantum numbers J PC

The measurements of the signal event yields of the observed

new state in all the channels discussed above and their com-

patiblility with the Standard Model Higgs boson predictions,

gives qualitative, but nonetheless very compelling evidence of

its nature.

This qualitative overall picture is further confirmed by the

observation of the particle in the diphoton channel. According

to the Landau-Yang theorem, in the diphoton channel excludes

the spin-1 hypothesis and essentially restricts possibilities for

the spin of the observed particle to 0 or 2 Technically higher

spin values are not excluded and will be briefly discussed below.

There are however several loopholes that have lead experiments

not to discard a priori the spin-1 hypothesis.

The Landau-Yang theorem does not necessarily apply if the

observed state is not decaying to a pair of photons but to a pair

of scalars subsequently decaying to two very collimated pairs

of photons (as for example in the case of H → a1a1 → γγ).

This possibility has not been riguorously tested but it is not

experimentally favored as tight selection criteria are applied

on the electromagnetic shower shapes of the reconstructed

clusters photons. Furthermore a data-driven estimate of the

reducible background inclusive invariant mass distributino by

the ATLAS experiment does not show any significant excess. A

more systematic analysis of shower shapes and the fraction of

conversions could be performed to further discriminate between

the single prompt photon and the two overlapping photons

hypotheses.

There are also various potential theoretical loopholes con-

cerning the applicability of the Landau-Yang theorem, such as
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off-shell vecor boson decays, Bose symmetry violation, or non

commutative geometry theories.

Finally the tests of the custodial symmetry through the

ratio λWZ also provide suppoting evidence against the spin-2

hypothesis due to the different acceptances

For the observed particle not to be of spin-0 and +1 parity

would require an improbable conspiration of effects. It is nev-

ertheless very important that this hypothesis be independently

tested using as independent as possible analyses.

IV.1.b Charge conjugation C
The charge conjugation quantum number is multiplicative,

therefore given that the Higgs-like particle is observed in the

H → γγ channel, and given that photons are C− eigenstates,

the observed neutral particle should be of charge C+.

IV.1.d Spin (J ) and parity (P) of the new observed state

To further assess the spin and parity quantum numbers of

the discovered particle, a systematic analysis of its production

and decay processes is done to measure its spin and parity prop-

erties. These analyses have been designed to be as independent

as possible from the event yields measured in each exclusive

categories, relying instead on the production and the decay

angles, and on the threshold distributions, of the produced

particle.

This leads to test hypotheses which are typically disfavored

by the analysis of the rates, such as a pseudoscalar particle

decaying to a pair of W or Z bosons which requires, decay

through loops. The sizable interaction of the observed state

with electroweak gauge bosons, if it were pseudoscalar, would

imply low scale physics in the loops and therefore would be

ruled out by the absence of direct observation of such states.

Or to test spin-2 hypotheses for which no renormalizable model

exist.

To further define, generate and test the newly observed

state without theoretical prejudice, the most general tensor

structure is used for the three possible spin hypotheses spin-0,

spin-1 and spin-2. The spin-0 most general interactin amplitude

with two gauge bosons can be written as follows [RefJHU]:
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A(0) = v−1
(

g
(0)
1 m2

V ε
∗
1ε

∗
2 + g

(0)
2 f

∗(1)
µν f∗(2),µν + g

(0)
3 f∗(1),µνf

∗(2)
µα

qνqα
Λ2

+ g
(0)
4 f

∗(1)
µν f̃∗(2),µν

)

Where the ε denotes the polarization vector of a spin-1

bosons, q the momentum of the a vector boson, f (i),µν =

εµi q
ν
i − ενi q

µ
i is the field strength tensor of a gauge boson with

momentum qi and polarization εi, and Λ is the scale of new

physics mass scale. The g0j are dimensionless and momentum

dependent complex form factors.

The first term corresponds to the Standard Model case 0++

where:

L ⊃ g
(0)
1 HZµZ

µ

The second (CP conserving) and fourth (CP violating)

terms correspond to 5 dimensional operator couplings through

loops of the type:

L ⊃ g
(0)
2 HZµνZ

µν + g
(0)
2 HZµνZ̃

µν

The third term corresponds to couplings through new

physics at a scale Λ.

Similarly the most general spin-1 interaction amplitude with

two gauge bosons can be expressed as follows:

A(2) = g
(1)
1 [(ε∗1q) (ε

∗
2εX)] + g

(1)
2 ǫαβµνε

α
Xε∗,µ1 ε∗,ν2 q̃β

Similarly to the general spin-0 case the g
(1),(2)
1 form factors

are effective and dimensionless. Finally the general spin-2 case

can be expressed as follows [RefJHU]:
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A(2) =
1

Λ
[2g

(2)
1 tµνf

∗1,µαf∗2,να + 2g
(2)
2 tµν

qαqβ
Λ2

f∗1,µαf∗2,νβ

+ g
(2)
3

q̃β q̃α

Λ2
tβν
(

f∗1,µνf∗2
να + f∗2,µνf∗1

να

)

+ g
(2)
4

q̃µq̃ν

Λ2
tµνf

∗1,αβf∗2
αβ + 2g

(2)
5 m2

V tµνε
∗µ
1 ε∗ν2

+ 2g
(2)
6 m2

V
q̃µq̃ν

Λ2
tµν (ε

∗ν
1 ε∗α2 − ε∗α1 ε∗ν2 ) + g

(2)
7 m2

V
q̃µq̃ν

Λ2
tµνε

∗
1ε

∗
2

+ g
(2)
8

q̃µq̃ν

Λ2
tµνf

∗1,αβ f̃∗2
αβ + g

(2)
9 tµαq̃

αǫµνρσε
∗ν
1 ε∗ρ2 qσ

+ g
(2)
10

tµαq̃
α

Λ2
ǫµνρσq

ρq̃σ (ε∗ν1 (qε∗2) + ε∗ν2 (qε∗1))]

(3)

Where tµν is a symmetric traceless tensor, transverse to the

momentum of the spin-2 state tµνq
ν = 0 [RefJHU]. Similar am-

plitudes are derived in the case of fermion couplings, as reported

in Reference [YR3]. Studies of the spin and CP properties of the

discovered state can either use an effective Lagrangian approach

or generic scattering amplitudes. The two are fully equivalent.

However typically the effective Lagrangian is used to generate

specific hypotheses and the scattering amplitudes are used in in

analyses.

The JHU generator [JHU1,JHU2] has been used to define

benchmark scenarios for exotic hypoptheses for the nature of

the observed state according to the general couplings of the

observed new particle to gluons and quarks in production and

to vector bosons in decay and includes all spin correlations and

interferences of all contributing amplitudes. The defined models

which have been investigated by experiments are reported in

Table [JHUtable].

The γγ channel

The γγ channel in the WW ∗ channel through the pro-

duction processes have also been discussed at length in the

litterature, for the gluon fusion and vector boson fusion pro-

cesses in Ref.

The threshold behavior of the cross section from associated

production mechanisms such as the associated production with

a gauge boson and the vector boson fusion processes can give

additional sensitivity to the spin and parity of the observed
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Table 5: benchmark scenarios for the anal-
ysis of the production and decay of the ob-
served state with JP quantum numbers. The
subscripts refer to the specificities of the cou-
plings of the observed state, where m denotes
minimal couplings and h denotes couplings with
higher dimension operators. For each scenarios
only the non vanishing coupling constants are
reported in this table.

Scenario Production Decay Scenario

0+m gg → X g
(0)
1 = 1 SM Higgs bosons

0+h gg → X g
(0)
2 6= 0 Pseudo-scalar

0− gg → X g
(0)
4 6= 0 SM Higgs bosons

1+ qq → X g
(1)
2 6= 0 Pseudo vector

1− qq → X g
(1)
a 6= 0 Vector

2+m g
(2)
1 6= 0 g

(2)
1 = g

(2)
5 6= 0 Graviton tensor MC

2+m g
(2)
4 6= 0 g

(2)
4 6= 0 Graviton tensor HD op.

2+h g
(2)
8 6= 0 g

(2)
8 6= 0 Pseudo tensor

statethese analyses have not been performed yet. However,

given the much larger expectation in the spin-2 case in the

VH(bb) analysis, based on the observation made at the Fermilab

tevatron in this channel,

The study of the spin and parity of the observed state is

currently done only with the angular analysis of the Higgs decay

products only. However ATLAS has produced first differential

cross section measurements, in particular in the two-jets VBF-

like channel which is sensitive to the spin and parity of the

observed state. These measurements alone do not have sufficient

sensitivity to be conclusive on the main quantum numbers of

the observed state.

On the method

The consistency of the data in the various angular distribu-

tions can be measured by a goodness of fit test, but this alone

does not give a measurement of the spin. In fact, how good a

measurement is if the data is as consistent with another spin
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hypothesis? Integer or fractional qunantities are usually mea-

sured by the rates to which they are related (e.g. the number

of neutrino flavors using the Z-peak cross section, or the top

quark charge using the ttγ cross-section). In this case, the spin

is measured by excluding all other hypotheses, and accepting

the main spin-0 hypothesis.

Excluding Spin 2 scenarios

The analysis of spin at LHC is mainly carried out in

three different channels H → γγ, H → W (∗)W (∗) → ℓνℓν and

H → Z(∗)Z(∗) → 4ℓ.

In the case of the H → γγ channel, the analysis is per-

formed inclusively. The reasons being simplicity and that the

categoriation in pseudo-rapidity of the photons is correlated

to the production anlge cosθ∗CS . The definition chosen for the

polar angle in the rest frame is the Collins-Soper frame, which

is defined as the bisector axis of the mometa of the incoming

protons in the diphoton rest frame. For the signal of course this

has no impact as the distribution is fully uniform in the rest

frame, it makes a slight difference for the background. Another

change in the analysis which is the lower cut requirements on

the transverse momentum of the photons. It is now done as a

function of the reconstructed diphoton invariant mass similarly

to the cuts performed in the main CMS analysis. The reason

for this different choice for the spin is that fixed cuts introduce

a large correlation between the invariant mass and the cosθ∗CS .

With the new set of cuts the correlation is largely removed, at

a level where a full decorrelation can be assumed. The back-

ground cosθ∗CS distribution can then be derived simply from

the sidebands in invariant mass. A large systematic uncertainty

on the shape of the cosθ∗CS distribution for the background is

assumed to cover the potential error introduced from residual

correlations between the mass and the production angle for

the background. The results of the H → γγ spin analysis are

illustrated in Figure [fig:qqscan] a. The H → γγ channel is

mostly sensitive to the gluon-initiated production modes and

very little to the quark-initiated ones. An angle that has not

been used in this analysis, and which could potential add some

sensitivity is the φ∗ in the Collins-soper frame.
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The H → W (∗)W (∗) → ℓνℓν analysis also had to be reap-

praised in order to perform an analysis of spin. Countrary to the

spin analysis in the diphoton channel, the decay angle cannot

be easily reconstructed due to the nuetrinos in the final state,

instead an important feature is the V-A structure of the decay of

the W bosons. If the observed state is a scalar, this gives a clear

spin correlation pattern that implies that the leptons e or µ from

the decays of the W bosons are produced close to one another

in the transverse plane. In the main analysis this feature is used

to gain sensitivity and the analysis largely relies on the use of

the ∆Phiℓℓ and Mℓℓ distribution. For the spin the analysis cuts

are relaxed and the main kinematic variables are used in two

BDTs, one trained to discriminate the spin-0 signal from back-

ground and the second to discriminate the spin-2 signal from

background. the discrimination between the two hypothesis is

done from a 2D-fit in the plane of the two BDTs. The results

of the H → W (∗)W (∗) → ℓνℓν analyses are illustrated in Fig-

ure [fig:qqscan] b, as a function of the fraction of quark versus

gluon initiated processes. The H → W (∗)W (∗) → ℓνℓν channel

is mostly sensitive to the quark-initiated production modes. It

is therefore very complementary to the H → γγ channel.

Figure 22: Angles defintions
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The H → Z(∗)Z(∗) → 4ℓ channel has only recently per-

formed an analysis in categories aiming at the VBF and VH as-

sociated production modes. Their impact is in fact still marginal

as discussed in Section [sec:couplings]. The main inclusive se-

lection is unchanged to perform the spin analysis. There are

two approaches to this analysis. The first is based on a Matrix

Element Likelihood (MELA) and the second is the combination

of sensitive variables in a boosted decision tree. The observables

sensitive to the spin and parity are the masses of the two Z

bosons (due to the threshold dependence of the mass of the

off-shell Z boson a production angle θ∗, and four decay angles,

φ1, φ, θ1 andθ2. The production and decay angles defined as:

- θ1 and θ2, the angles between the negative final state

lepton and the direction of flight of Z1 (Z2) in the Z rest frame.

- φ, the angle between the decay planes of the four final

state leptons expressed in the four lepton rest frame.

- φ1, the angle defined between the decay plane of the

leading lepton pair and a plane defined by the vector of the Z1

in the four lepton rest frame and the positive direction of the

parton axis.

- θ∗, the production angle of the Z1 defined in the four

lepton rest frame.

The results for this channel are illustrated in Figure [fig:qqscan]

c, showing that this channel has a smaller sensitivity to the

spin. Its sensitivity is approximately constant with respect to

the fraction of the qq versus gg spin-2 initiated processes.

Given the complementarity of theH → γγ andH → W (∗)W (∗) → ℓνℓν

analyses the quantitative assessment of the exclusion of the sce-

narios investiated herein will profit from a combination of the

results.

Excluding Spin 1

Assuming the non applicability of the Landau-Yang theo-

rem, and to make sure that no stone are unturned, an analysis

probing the spin-1 in the +1 and -1 parity hypotheses is carried

out in the H → Z(∗)Z(∗) → 4ℓ channel. In both cases the obser-

vation is in fair agrement with the JP = 0+ hypothesis and the

JP = 1+ hypothesis is excluded at 99.8% CLs and the JP = 1−
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hypothesis is excluded at 94% CLs. A similar analysis is also

being prepared using the H → W (∗)W (∗) → ℓνℓν channel.

Parity

The most senstive channel to the parity is theH → Z(∗)Z(∗) → 4ℓ.

When probing the JP = 0−, the data are fully consistent with

the JP = 0+ and the JP = 0− hypothesis is excluded at the

97.8% CLs. It should be noted that as was the case in Sec-

tion [sec:SpinOne], and although the overal distribution of the

JP = 0+ hypothesis variables is unchanged, the quantitative

assessment of the agreement of the data with it can vary when

different hypotheses are tested due to differences in the regions

of phase space where the two hypotheses can be separated.

Comments on the Statistical Procedure

In the definition of the ratio of profile likelihoods as test

statistic used in the spin/Parity hypothesis testing, and in the

spirit of being as independent as possible of the measured signal

rate, the signal strength is considered as a nuisance parameter.

There are two important issues arising from this apparently

legitimate choice.

The first is that the ratio of the profile likelihood ratios

test statistic and test statics in general that use the profiling of

nuisance parameters, is that asymptotically their distribution

should be independent of the true value of the nuisance param-

eters. If this is the case the resulting p-values are robust. This

desirable feature is clearly not present in this case where the

signal is yet extremely strong.

IV.2. Coupling properties measurements

Measuring the Higgs couplings without relying on the SM

assumption requires a general framework that treats the defor-

mations away from the SM coherently at the quantum level:

Such a framework is needed to provide theoretical predictions

for relevant observables to be confronted with experimental

data. The effective Lagrangian approach offers such a coherent

framework. It assumes that the new physics degrees of freedom

are sufficiently heavy to be integrated out and simply give

rise to effective interactions among the light SM particles. By

construction these effective Lagrangians cannot account for de-

viations in Higgs physics induced by light degrees of freedom,
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Table 6: Results in all benchmark scenarios for
the analysis of the production and decay of the
observed state with JP quantum numbers. The
subscripts refer to the specificities of the cou-
plings of the observed state, where m denotes
minimal couplings and h denotes couplings with
higher dimension operators. For each scenar-
ios only the non vanishing coupling constants
are reported in this table. The combination for
CMS combined only the ZZ and WW channels.

J PC ZZ WW γγ Combined

0− 2.2% / 0.2% - - -

0−h - / 8.1% - - -

1+ 6.0% / - - - -

1− 0.2% / - - - -

2+qq 16.9% / 1.5% 0.7% / 14% 5.0% / – – / 0.5%

2+gg <0.1% / <0.1% 2.0% / <0.1% 1.0% <0.1% / –

2− <0.1% / <0.1% - - -

unless they are added themselves as extra fields in the effective

Lagrangians. In Section V, we will present several examples of

models with light degrees of freedom affecting Higgs producton

and decay rates.

IV.2.1. Effective Lagrangian formalism

The notation will have to be changed: H → Φ to

denote the Higgs doublet

The most general SU(3)C × SU(2)L × U(1)Y -invariant La-

grangian for a weak doublet H at the level of dimension-6

operators was first classified in a systematic way in Refs. [127].

Subsequent analyses pointed out the presence of some redun-

dant operators, and a minimal and complete list of operators

was finally provided in Ref. [128]. Under the most conserva-

tive assumption about flavor, there are 59 independent ways to

deform the SM. Of particular interest are the 18 CP-invariant

and the 4 CP-breaking deformation-directions, in addition to 8

dipole operators, that affect, at tree-level, the Higgs production

and decay rates [318,129,130].

A convenient basis of these operators relevant for Higgs

physics, assuming that the Higgs is a CP-even weak doublet
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and the baryon and lepton numbers are conserved, is the

following:

L = LSM +
∑

i

c̄iOi , (4)

where the 18 operators are listed in Table 7, Table 8 and Table 9.

When the operator Oi is not hermitian, like Ou,d,l,Hud and the

dipole operators, it is understood that the hermitian-conjugated

operator is added to the Lagrangian. The factor multiplying

each operator in the effective Lagrangian has been conveniently

defined such that the new physics dependence is fully encoded in

the dimensionless coeffcients c̄i which will all have to be smaller

than 1 to ensure the consistency of the expansion in terms

of higher dimensional operators. g′, g, gS are the SM gauge

couplings, yu,d,l are the SM Yukawa couplings, λ is the SM

Higgs quartic coupling and the v denotes the weak scale defined

through the Fermi constant at tree-level v ≡ 1/(
√
2GF )

1/2 ≈
246.2 GeV. By iH†

↔
DµH we denote the Hermitian derivative

iH†(DµH) − i(DµH)†H , and σµν ≡ i[γµ, γν]/2 and Hc is the

Higgs charge-conjugate doublet: Hc = iσ2H∗. We have further

assumed that each of the operators Ou,d,l is flavor-aligned

with the corresponding fermion mass term, as required in

order to avoid large Flavor-Changing Neutral Currents (FCNC)

mediated by the tree-level exchange of the Higgs boson. This

implies one coefficient for the up-type quarks (c̄u), one for

down-type quarks (c̄d), and one for the charged leptons (c̄l), i.e.

the c̄u,d,l are proportional to the identity matrix in flavor space.

In principle, this assumption can be relaxed in favor of a less

constraining Minimal Flavor Violation structure.

The choice of the basis of operators is not unique and us-

ing the equations of motion, i.e., performing field redefinitions,

different dimension operators can be obtained as linear combi-

nations of the operators in the previous tables and four-fermion

operators. In particular, two other standard bases [131,128]

involve the two extra bosonic operators

OWW ≡ g2

4m2
W

H†HW i
µνW

i µν = OW −OB +OHB −OHW +
1

4
OBB

OWB ≡ gg′

4m2
W

H†σiHW i
µνB

µν = OB −OHB − 1

4
Oγ .
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Table 7: List of 9 CP-even and 4 CP-odd
bosonic operators affecting Higgs production
and decay rates. The 4 CP-odd operators in-
volve the dual field strengths defined as F̃µν =
1/2 ǫµνρσF

ρσ for F = W,B,G (ǫ is the totally
antisymmetric tensor normalized to ǫ0123 = 1).
See text for notations.

Operators involving bosons only

OH = 1/(2v2)
(

∂µ
(

H†H
))2

OT = 1/(2v2)(H†
↔
DµH)2

O6 = −λ/(v2)
(

H†H
)3

OB = (ig′)/(2m2
W )(H†

↔
DµH)(∂νBµν)

OW = (ig)/(2m2
W )(H†σi

↔
D µH)(DνWµν)

i

OHB = (ig′)/m2
W (DµH)†(DνH)Bµν

OHW = (ig)/m2
W (DµH)†σi(DνH)W i

µν

OBB = g′2/m2
W H†HBµνB

µν

OGG = g2S/m
2
W H†HGA

µνG
Aµν

OHB̃ = (ig′)/m2
W (DµH)†(DνH)B̃µν

OHW̃ = (ig)/m2
W (DµH)†σi(DνH)W̃ i

µν

OBB̃ = g′2/m2
W H†HBµνB̃

µν

OGG̃ = g2S/m
2
W H†HGA

µνG̃
Aµν

Table 8: List of 9 operators with bosons and
fermions affecting Higgs production and decay
rates. See text for notations.

Ops. involving bosons and fermions

Ou = yu/v
2 (H†H) q̄LH

cuR

Od = yd/v
2 (H†H) q̄LHdR

Ol = yl/v
2 (H†H) L̄LHlR

OHq = i/v2 (q̄Lγ
µqL) (H

†
↔
DµH)

O(3)
Hq = i/v2

(

q̄Lγ
µσiqL

)

(H†σi
↔
DµH)

OHu = i/v2 (ūRγ
µuR) (H

†
↔
DµH)

OHd = i/v2
(

d̄Rγ
µdR

)

(H†
↔
DµH)

OHud = i/v2 (ūRγ
µdR) (H

c †
↔
DµH)

OHl = i/v2
(

l̄Rγ
µlR
)

(H†
↔
DµH)
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Table 9: List of 8 dipoles operators. See text
for notations.

Ops. involving bosons and fermions

OuB = (g′ yu)/m
2
W (q̄LH

cσµνuR)Bµν

OuW = (g yu)/m
2
W (q̄Lσ

iHcσµνuR)W
i
µν

OuG = (gS yu)/m
2
W (q̄LH

cσµνtAuR)G
A
µνR

OdB = (g′ yd)/m
2
W (q̄LHσµνdR)Bµν

OdW = (g yd)/m
2
W (q̄Lσ

iHσµνdR)W
i
µν

OdG = (gS yd)/m
2
W (q̄LHσµνtAdR)G

A
µν

OlB = (g′ yl)/m
2
W (L̄LHσµνlR)Bµν

OlW = (g yl)/m
2
W (L̄Lσ

iHσµνlR)W
i
µν

While the two operators OB and OW can be traded in favor

of operators with operators (Yf denotes the U(1) hypercharge

of the fermion f , normalized to Q = T3L + Y/2 and m2 is the

mass term of the SM Higgs potential Eq. (2))

OB = 2 tan2θW



−OT +
∑

f=q,u,d,l,L

1

2
Yf OHf





OW = −6OH + 2 ((Ou +Od +Ol) + h.c.) + 4m2|H†H|2 − 8O6 +O(3)
Hq +O(3)

HL .

Things to add

• Discuss the constraints on the operators from non-Higgs

physics and explain that only 8 operators are tested by Higgs

physics only. → Section IV.2.b

• discuss custodail symmetry relations and the accidental

cusotdial symmetry at the dim-6 level.

• Give the translation in terms of the κ used by the

experimentalists → a table that will go in Section IV.1 →
Section IV.2.c and Section IV.1

• Give expressions for the decay rate shifts induced by these

operators. → Section IV.2.c
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IV.2.2. Constraints on Wilson coefficients from preci-
sion EW and flavor measurements

IV.2.3. From the effective Lagrangians to Higgs ob-
servables

IV.3. Measurement of coupling properties

The analysis of the couplings of the Higgs boson consist

in a simple reparametrization of the signal yields measured in

all categories of all channels. There are two approaches to this

analysis. The first which is closer to the observation aims at

measuring the ratios of cross-sections for different production

modes or ratios of decay branching ratios. It should be notes

that this approach was not done using equivalent selection crite-

ria in different channels, but reparameterizing the signal yields

in all categories. The second, aims at measuring deviations

from the Standard Model Higgs couplings. This approach uses

coefficients κ which parametrize deviations from the Standard

Model couplings, but is based on a similar principle of reparam-

eterization of the signal yields in all categories. The difference

of this approach to the previous one is that it needs to make

futher assumptions on these coefficients or on the total width

of the Higgs boson. The main assumptions in this analysis are

the following.

- The signals observed in the different search channels

originate from a single narrow resonance with a mass near

125.5 GeV. The case of several, possibly overlapping, resonances

in this mass region is not considered.

- The width of the assumed Higgs boson near 125.5 GeV is

neglected, both in the fitted signal model (for both approaches)

and in the zero-width approximation (in the second case to

allow the decomposition of signal yield).

- In the first case the main production modes are assumed

to be those of the Standard Model and in the second, the tensor

structure of the couplings is assumed to be the same as in the

Standard Model. This means in particular that the observed

state is assumed to be a CP-even scalar as in the SM.
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Figure 23:

IV.3.1. Modelling Signal Yields: the Empirical Approach

The overall statistical modelling of the data is described in

detail in Refs.The likelihood function is a complex recipe using

a large number of ingredients, including: probability density

functions (pdf) for the signal and the background; normalization

factors for the backgrounds and their direct measurements in
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control regions; numerous signal modelling parameters affecting

e.g. the acceptance, efficiency and the luminosity; all systematic

uncertainties affecting both the normalizations and the pdfs; in

particular the normalization of the expected signal. The latter

is the critical part that is re-parametrized in the couplings

analysis. It is nothing else than the number of fitted signal

events which is re-interpreted in terms of factors modifying the

expectation of the number of signal events in each category

with respect ot the Standard Model Higgs boson signal. Only

this part of the likelihood will be detailed here, the rest which is

more complex and includes all the intricacies of the systematic

uncertainties and their correlations is described in REF.

The number of signal events observed is parametrized in

terms of scale factors for the cross section σi,SM of each SM

Higgs production mode, the branching ratios Bf,SM of the

SM Higgs boson decays, and the mass of the Higgs boson

mh. For each production mode i, a signal strength factor µi

defined as µi = σi/σi,SM is introduced. Similarly, for each decay

final state f , a factor µf = Bf/Bf,SM is introduced. For each

analysis category (k) the number of signal events (nk
signal) is

parametrized as:

nk
signal =

(

∑

i

µiσi,SM × Ak
if × εkif

)

× µf ×Bf,SM × L‖

where A represents the detector acceptance, ε the re-

construction efficiency and L the integrated luminosity. The

number of signal events expected from each combination of pro-

duction and decay modes is scaled by the corresponding product

µiµf , with no change to the distribution of kinematic or other

properties. This parametrization generalizes the dependency of

the signal yields on the production cross sections and decay

branching fractions, allowing for a coherent variation across

several channels. This approach is also general in the sense that

it is not restricted by any relationship between production cross

sections and branching ratios. For instance, it is possible to

force the production cross section σWH = 0 while maintaining

a non-zero branching ratio BWW .
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In Equation [eq:nsig], µi and µf are the main pa-

rameters of interest at which the combined likelihood can

be estimated and for which it can be maximized. The sim-

plest case with only one signal strength parameter is simply

parametrized as µ = µi = µf . In our combined model the pro-

duction index i ∈ {ggH, VBF, V H, ttH} and the decay index

f ∈ {γγ,WW,ZZ, bb, ττ}.
A good way to comunicate our results in a form that could

easily be used for subsequent fitting for model testng is to give

contours or even values of the N-dimensional likelihood as a

function of µi’s for each individual channel, or alternatively the

fitted value with the full correlation error matrix.

IV.3.2. Evidence for VBF production

The next to simplest parametrization is to fit the various

production modes according to the couplings to vector bosons

or fermions (mainly the top quark). in which case only two

production parameters are used µggH+ttH = µggH = µttH and

µV BF+V H = µV BF = µV H . These two parameters can be fitted

in each channel individually where they implicitely include the

µf factors of Equation [eq:nsig]. The result of these individ-

ual channels fits are shown in Figure [fig:ProdContourProf] a.

These contours can be compared to the standard model value,

but they cannot be combined as they implicitely include the

branching fraction. The ratio of µV BF+V H and µggH+ttH can

instead be combined. This ratio shows not only the compati-

bility of the data with the Standard Model Higgs boson, but

also the significance of the observation of the production of

the Higgs boson in the V BF and V H modes. ATLAS has also

performed a similar combination but relaxing the requirement

that the ratio of V BF and V H is that of the Standard Model.

In Figure [fig:ProdContourProf] b the V H production is in-

stead profiled so that the results can give a measure of the

presence of the VBF production mode and in which propor-

tion with respect to the Standard Model. The result shown in

Figure [fig:ProdContourProf] b show an evidence of the VBF

production of the Higgs boson at the three standard deviations

level. Given the overall compatibility of the individual channels

with the Standard Model expectation, this does not come as
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fundamental surprise. It is however a very nice measure of the

compatibility of the results with the expectations from the

Standard Model and a very nice corroboration of the projected

sensitivities.

Another way to fit the results, is to perform ratios of

ratios of branching ratios i.e. ratios of µf ’s. This approach is

done only in ATLAS. In these ratios the individual production

µi cancel when taking the ratio of µi × BR within the same

production modes. To simplify notations these ratios of ratios

of branching ratios are denoted ρ. The results of the fits yield:

ργγ/ZZ = 1.1+0.4
−0.3

ργγ/WW = 1.7+0.7
−0.5

ρZZ/WW = 1.6+0.8
−0.5

where a value of 1 corresponds to the expectation from

the Standard Model signal. The ratio ρZZ/WW gives already

an idea of the ratio of the W and Z couplings from the decay

modes only. This is not the case for the analysis based on

couplings modifiers.

Modelling Signal Yields: the Couplings Modifiers

Approach

Another way to parametrize and thereafter fit the data is

to test modifications of the Leading Order couplings of the

Standard Model higgs boson to the known Standard Model

particles. This is very simply achieved by reparametrizing the

µi and µf strength parameters. In terms of coupling modifiers

κ which are LO motivated coupling scale factors defined in such

a way that the cross sections σj and the partial decay widths Γj

associated with the SM particle j scale with the factor κ2j when

compared to the corresponding SM prediction. Details can be

found in Refs.This approach was initiated in Refs.

Taking the process gg → H → γγ as an example the

number of signal events in a given category can be rescaled in

the following way:

σ ×Br → µi × µf =
κ2g.κ

2
γ

κ2H
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where the values and uncertainties for both σSM (gg → γγ)

and BRSM (H → γγ) are taken from Refs.given Higgs boson

mass hypothesis, meaning that the fit model does not change

at all, only the signal yields are parametrized differently.

In each of these models the number of free parameters does

not exceed four. The total number of relevant parameters in

the model is

L ⊃ κZ
2m2

Z

v
ZµZ

µH + κW
2m2

W

v
WµW

µH − Σfκf
mf

v
ff+

κg
αs

12πv
Ga

µνG
a,µνH + κγ

α

πv
AµνA

µνH + κZγ
α

πv
AµνZ

µνH

The main parameters in this effective Lagrangian which

are relevant in our analyses are κt, κW , κZ , κb, κτ , κγ and

κg. Other parameters such as κs, κc and κτ are fixed to κb,

κt and κτ respectively for flavor symmetry considerations (the

assumption on κµ could be relaxed when inclusing the dimuon

channel search in the combination).

In this definition, where the most accurate estimates are

simply rescaled, the SM predictions for all σ×Br are recovered

when all κ = 1. Rigourously, this implies that for κ 6= 1 the

higher-order accuracy is lost. In practice, NLO QCD corrections

typically factorize with respect to coupling rescaling, and are

accounted for.

Couplings occuring through loops can be treated in two

ways. The first is to effectively scale them through κg and κg

with respect to their Standard Model values and the second is

to modify them according to the changes in the couplings of the

Higgs boson to the Standard Model particles entering the loops.

In hte latter case the processes H → γγ and gg → H , which are

loop induced in the SM, are treated as a function of the more

fundamental coupling scale factors κt, κb, κW , and similarly for

all other particles that contribute to these SM loop processes.

In these cases the scaled fundamental couplings are propagted

through the loop calculations, including all interference effects,

using the functional form derived from the SM REF.

Due to the limited strength and number of constrained,

at this still early stage of the LHC program, only a limited
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number of parameters can be simultaneously fit and restricting

assumptions ned to be made on the parameters. Specific models

are then designed to address specific question.

- The relative coupling of the Higgs boson to the W and Z

bosons.

- The (mostly indirect) estimate of the relative coupling to

fermions and to vector bosons.

- The effect of new particles beyond the standard model

in the loops and in the decay (assuming that the couplings to

the Standard Model particles are those of the Standard Model

Higgs boson).

In these models the total width can either be scaled as-

suming that there no invisible or undetected widths or left

effectively free in the fit (this is typically done by absorbing it

in a more convenient parameter in terms with respect to the

model considered).

Indirect Evidence for Couplings to Fermions

In this benchmark the assumptions are that only SM par-

ticles are assumed to contribute to the gluon fusion and the

diphoton loops, all fermion couplings modifiers are required to

scale simultaneously with a unique factor κF and all vector bo-

son couplings modifiers must scale simultaneously with a unique

factor κV , and that the there are no new physics contributions

to the total width of the Higgs boson:

κV = κW = κZ

κF = κt = κb = κt = κg

It should be noted that in this model it is principally the

gluon fusion process that measures directly the fermion scale

factor κ2F . Instead the total width (κ2H(κF , κV )) scale factor

can then be written as follows:

κ2H (κF , κV ) = 0.75 · κ2F + 0.25 · κ2V
and the diphoton scale factor (κ2γ(κF , κV )) will be expressed

as follows:

κ2γ(κF , κV ) = 1.59.κ2V − 0.66.κV κF + 0.07.κ2F
The two photon decay is the only place where the relative

sign of the fermion yukawa and the gauge boson couplings plays
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a role. It is therefore through the diphoton channel that the

sign degeneracy can be solved. The 2D fit result and the two

1D fits where one of the parameters is profiled are illustrated

in Figure [fig:spbm:CVCF]. As expected the only contribution

sensitive to the relative sign of the fermion yukawa and gauge

boson couplings is the diphoton channel. All other channels are

symmetric in κF . The 1D fits show the sensitivity to the resolve

the sign degeneracy which is above two standard deviations.

The fit to the data in this model prefers a positive relative

sign. However the observed likelihood profile does not show

such a difference in likelihood between the positive and negative

solutions. Previous combinations even showed a preference for

the negative sign solution. This ambiguity is largely due to

the large measured signal in the diphoton channel while in

average the measured yields in the H → W (∗)W (∗) → ℓνℓν and

H → Z(∗)Z(∗) → 4ℓ channels are closer to the Standard Model

expectations.

A model probing the relative couplings to fermions and

bosons without any assumptions on the total width has also

been implemented and give a result compatible with the Stan-

dard Model.

Digression on the Relative Sign of the Couplings

Although it is true that κF ∼ −1 is not excluded a priori,

it will imply the existence of another Higgs field with an

unreasonably large coupling to top quarks.

Results in the 1D fits (as in Figure [fig:spbm:CVCF]) are

therefore shown allowing κF to be negative, but the fit results

corresponding to the positive κF branch only are also shown.

Probing the ratio of couplings to the W and Z bosons

Two general models designed to probe the ratio of the W

to Z couplings are designed without assumptions on the total

width. The first requires that all fermion couplings scale with

a single coupling modifier and the total width is absorbed in a

factor κZZ .

In this model the H → γγ and the gluon fusion process

loops are fixed. The H → γγ loop is however dominated by the

coupling to the W boson. Another model, where the H → γγ

coupling is assumed to be effective to avoid the inlfuence of
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Figure 24:

contributions beyond the Standard Model potentially affecting

the H → γγ yield, is also implemented to probe the ratio of W

and Z bosons couplings:

The 1D fit results for these two models are shown in

Figure [fig:bm:CW/CZ,Cgam/CZ,CF/CZ,CZ2/CH] where the

in both cases the parameter of interest is ρWZ. In both cases

the ratio of these couplings is compatible with the Standard

Model. The 1D fits of the other parameters are also shown

to illustrate the overall compatibility of the models with the

Standard Model.

The compatibility of ρWZ does not really come as a surprise

given the observed ratio of ratios of branching ratios. In this

case however the information from the production processes is

also present, as for instance in the VBF production which is

parametrized as follows as a function of the W and Z-fusion

processes (σWWH and σZZH):
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where the very small interference term is ignored.

These models are often referred to as probing the custodial

symmetry which protects the ρ parameter from potentially large

radiative corrections. It is of fundamental interest to probe the

ratio of the couplings of the observed state to W and Z

bosons, it should however be noted that precision eletroweak

measurements have measured the ρ parameter to a much better

precision.

Probing New Physics in Loops and in the Decay

The models described above implemented modifications to

the couplings to Fermions and vector bosons, with and without

assumptions on the total width. Another approach, taking

advantage of the opportunities of the recently discovered state

to reveal the presence of new physics in the loops or in its

decay, is to assume that all couplings to fermions and bosons

are those of the Standard Model Higgs boson κF = κV = 1 and

allow effective H → γγ and the gluon couplings to float, either

assuming the total width to be fixed or not.

Assuming the total width to be fixed allows to probe new

physics beyond the standard model in the loops only. The total

width is then defined as follows as a function of the two effective

coupling modifiers:

where κg and κγ are the two main parameters of interest.

The results of the fit of this model to the data are shown

in Figure [fig:bm:Cg,Cgamma,BRinv] a. The slight tension

observed in this case (with a probability of compatibility of

approximately 5%) reflects the large yield observed in the

H → γγ channel. This tension and large value of the κγ has

drawn a lot of attention. Such a large value however has not

been confirmed by CMS’s latest results.

In the approach where new physics is allowed in the decay,

instead of parametrizing the rates using the total width an in-

visible and undetected branching fraction is introduced. The re-

sults of this model are shown in Figure [fig:bm:Cg,Cgamma,BRinv]

b.

A limit on the invisible or undetected branching fraction of

Brinv < 0.6 at the 95% CL is observed.
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Figure 25:

IV.4. Production properties

- Fiducial Cross sections.

- Differential cross sections.

Here we need also some TH input especially on the TH

input.

V. New Physics Models of EWSB compatible with a

SM-like Higgs Signal at LHC

The main theoretical motivation to add a Higgs boson to

the Standard Model was that, without it, the longitudinal

components of the massive EW gauge bosons would form a

strongly coupled system as their scattering amplitude would

have grown with their energy, destroying all the predictive

power of the model above 4πv ∼ 3 TeV. On the contrary,

the discovery of a light scalar with couplings not deviating by

more than 15% from the SM predictions makes it is possible
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Table 10: Overall channel signal strengths

γγ ZZ (4ℓ) WW (ℓνℓν) ττ W/Z(bb)

ATLAS

µ (at 125.5 GeV) 1.5±0.4 1.6±0.3 1.0±0.3 0.8±0.7

Z Exp. 4.1 4.4 3.8 1.6

Z Obs. 7.4 6.6 3.8 1.1

Mass (GeV) 126.8±0.2±0.7 124.3±0.5±0.5 - -

Reference [21] [21] [21] [21]

CMS

µ (at 125.5 GeV) 0.8±0.3 0.9±0.3 1.5±0.4 1.5±0.4

Z Exp. 3.9 7.1 5.3 2.6

Z Obs. 3.2 6.7 3.9 2.8

Mass (GeV) 125.6±0.2±0.7 125.6±0.2±0.7 125.6±0.2±0.7

Reference [22] [22] [22] [22]

Tevatron

µ (at 125 GeV) 6.0+3.4
−3.1 – 1.6±1.2 1.7+2.3

−1.7

Reference [24] [24] [24] [24]

Table 11: Overall channel signal strengths

γγ ZZ (4ℓ) WW (ℓνℓν) τ+τ− bb

ATLAS

ggF
√ √ √ √

–

VBF
√ √ √ √

–

VH
√ √ √∗ √ √

ttH
√∗ – – –

√∗

CMS – – – –

ggF
√ √ √ √

–

VBF
√ √ √ √ √∗

VH
√ √ √∗ √ √

ttH
√∗ –

√∗ √∗ √∗

Tevatron

ggF
√ √ √ √

–

VH – –
√∗ √ √

ttH – – – –
√

to keep the SM interactions perturbative all the way to the
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Table 12: Invisible and rare decay channels

µµ Zγ Invisible

ATLAS

ggF
√∗ √∗ √∗∗

VBF – – –

VH – –
√∗

CMS

ggF
√ √ √∗∗

VBF
√ √ √

VH –
√ √∗

Planck scale. This picture is admittedly very attractive and it

is in remarkable agreement with data but it posits that the

Higgs boson is an elementary scalar field, which comes with an

intrinsic instability of its mass under radiative as we already

explained. Either this instability is perceived as accidental and

is dismissed, or it is taken as a serious problem and calls

for new physics around the TeV scale. Supersymmetric models

are the best solution to maintain the perturbativity of the

SM while alleviating the instability issue. Another possibility

is that the Higgs boson itself has a finite size and composite

and thus never feels the UV degrees of freedom that would

drag its mass to higher scales. Both classes of models predict

specific modifications from the SM Higgs properties. In this

Section, we will discuss these possible deviations in detail, and,

when pertinent, we will also review the searches at colliders for

additional states in the EWSB sector, for instance additional

Higgs bosons.

The realization of Supersymmetry at low energies has many

good qualities that render it attractive as a model of new

physics. First of all since for every fermion there is a boson of

equal mass and effective coupling to the SM-like Higgs, in the

case of exact supersymmetry it yields an automatic cancellation

of loop corrections to the Higgs mass parameter: (analogous to

Eq. (1)) δm
2
H = 0 [8,10]. In practice we know that SUSY must
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be broken in nature since no superpartners of the SM particles

have been observed so far, hence:

δm2
H
=

3λ2F
8π2

[

m2
F −m2

B

]

ln
(

µ2/Q2
)

(5)

where the difference (m2
F − m2

B) is directly related to the

squared of the supersymmetry breaking scale, MSUSY . Hence,

as far as the third generation bosonic superpartners, that cou-

ple most significantly to the Higgs boson, are not many orders

of magnitude above their SM top, bottom and tau partners,

i.e. MSUSY ≃ O(1- few TeV), there is no naturalness prob-

lem [9,133]. Another interesting feature of SUSY theories is

related to the dynamical generation of EWSB [132]. In the

SM we need to put by hand a negative Higgs mass parameter

squared, m2, to induce EWSB. In SUSY, instead, even if the

relevant Higgs mass parameter is positive in the ultraviolet, it

may become negative and induce electroweak symmetry break-

ing radiatively through the strong effect of the top quark-Higgs

coupling in its renormalization group evolution. Moreover, su-

persymmetry with a supersymmetry breaking scale of order

1 TeV allows for grand unification of the electromagnetic, weak

and strong gauge interactions in a consistent way, strongly sup-

ported by the prediction of the electroweak mixing angle at low

energy scales, with an accuracy at the percent level [135,136].

In addition, supersymmetry theories can provide a suitable dark

matter candidate and even a low energy physics explanation of

baryogenesis, all of this compatible with existing precision data.

In the following we will explore the Higgs sector in specific

SUSY models. In all of them there is one neutral Higgs boson

with properties that resemble those of the SM Higgs boson

whereas additional neutral and charged Higgs bosons are also

predicted and are intensively being sought for at the LHC (see

Section VI). In the simplest SUSY model the lightest Higgs

boson mass, that usually plays the role of the SM-like Higgs, is

predicted to be less than 135 GeV for stops in the TeV to few

TeV range [137,138,139,140,141,142,143,144,145,146,147,148].

whereas, larger values of the SM-like Higgs boson mass - up to

about 250 GeV- can be obtained in non-minimal SUSY exten-

sions of the SM. [150,151,152,153,154,155,156]. In general,
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to accommodate a SM-like Higgs boson with mass of 125 GeV

results in constraints on the supersymmetric parameter space

of specific SUSY models, as we will discuss below.

In the context of weakly coupled models of EWSB we will

also briefly discussed generic 2HDM’s without the need for low

energy supersymmetry. These models, although do not address

the hierarchy problem in any specific way, provide an excellent

ground for exploring deviations from SM Higgs properties and

possible novel search channels for other Higgs bosons particles

in a more model independent way.

The SUSY direct searches performed at the LHC together

with the remarkable agreement of Higgs couplings with the SM

prediction , and to some extent also the EW precision data

and the flavor constraints, question low energy supersymmetric

models as a natural solution of the hierarchy problem. At the

same time, in part as a result of the new insights on strongly-

interacting theories obtained from an holographic perspective,

the idea that the Higgs boson itself could be a composite bound

state emerging from a new strongly-coupled sector has regained

some interest. The composite Higgs idea is an interesting incar-

nation of EWSB via strong dynamics that smoothly interpolates

between the standard Technicolor approach and the true SM

limit. To avoid the usual conflict with EW data, it is sufficient

if not necessary that a mass gap separates the Higgs resonance

from the other resonances of the strong sector. Such a mass gap

can naturally follows from dynamics if the strongly-interacting

sector exhibits a global symmetry, G, broken dynamically to a

subgroup H at the scale f , such that the coset G/H contains a

fourth Nambu–Goldstone bosons that can be identified with the

Higgs boson. Simple examples of such coset are SU(3)/SU(2)

or SO(5)/SO(4), the latter being favored since it is invari-

ant under the custodial symmetry (it is also possible to have

non-minimal custodial cosets with extra Goldstone bosons, see

for instance [391]) . Attempts to construct composite Higgs

models in 4D have been made by Georgi and Kaplan (see for

instance [390]) and modern incarnations have been recently

investigated in the framework of 5D warped models where,

according to the principles of the AdS/CFT correspondence,
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the holographic composite Higgs boson then originates from a

component of a gauge field along the 5th dimension with ap-

propriate boundary conditions. A last crucial ingredient in the

construction of viable composite Higgs models is the concept of

partial compositeness [392], i.e., the idea that there are only

linear mass mixings between elementary fields and composite

states. After diagonalization of the mass matrices, the SM par-

ticles, fermions and gauge bosons, are admixtures of elementary

and composite states and thus they interact with the strong

sector, and in particular with he Higgs boson, through their

composite component. This setup has important consequences

on the flavor properties, chiefly the suppression of large fla-

vor changing neutral currents involving light fermions. It also

plays an important role in dynamically generating a potential

for the would-be Goldstone bosons. Partial compositeness also

links the properties of the Higgs boson to the spectrum of the

fermionic resonances as the partners of the top quark which, as

in MSSM, at really the agents that trigger the EWSB and raise

the mass of the Higgs boson to 125 GeV.

V.1. Higgs Bosons in the Minimal Supersymmetric
Standard Model (MSSM)

The particle masses and interactions in a supersymmetric

theory are uniquely defined as a function of the Superpotential

and the Kähler potential [SUSY-pdg]. A fundamental theory

of supersymmetry breaking, however, is unknown at this time.

Nevertheless, one can parameterize the low-energy theory in

terms of the most general set of soft supersymmetry-breaking

renormalizable operators [134]. The simplest realistic model

of low-energy supersymmetry is the Minimal Supersymmetric

extension of the Standard Model (MSSM) [10,133], that asso-

ciates a supersymmetric partner to each gauge boson and chiral

fermion of the SM, and provides a realistic model of physics

at the weak scale. However, even in this minimal model with

the most general set of soft supersymmetry-breaking terms,

more than 100 new parameters are introduced [157]. Fortu-

nately, only a subset of these parameters impact the Higgs

phenomenology through tree-level and quantum effects. Re-

views of the properties and phenomenology of the Higgs bosons
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of the MSSM can be found for example in Refs. [17], [158] and

[133].

The MSSM contains the particle spectrum of a two-Higgs-

doublet model (2HDM) extension of the SM and the corre-

sponding supersymmetric partners. Two Higgs doublets,

Φ1 =
1√
2

(

φ01 + ia01
φ−1

)

, (6)

Φ2 =
1√
2

(

φ+2
φ02 + ia02

)

, (7)

with Y=-1 and Y=1, respectively, are required to ensure an

anomaly-free SUSY extension of the SM and to generate mass

for both “up”-type and “down”-type quarks and charged lep-

tons [11]. In our notation Φ1(2) gives mass to the down(up)

type fermions. The Higgs potential reads

V = m2
1Φ

†
1Φ1 +m2

2Φ
†
2Φ2 −m2

3

(

ΦT
1 iσ2Φ2 + h.c.

)

+
1

2
λ1

(

Φ†
1Φ1

)2

+
1

2
λ2

(

Φ†
2Φ2

)2
+ λ3

(

Φ†
1Φ1

)(

Φ†
2Φ2

)

+ λ4|ΦT
1 iσ2Φ2|2

+

[

1

2
λ5

[

(

ΦT
1 iσ2Φ2

)2
+ h.c.

]

+
[

λ6

(

Φ†
1Φ1

)

+ λ7

(

Φ†
2Φ2

)]

ΦT
1 iσ2Φ2 + h.c.

]

(8)

where m2
i = µ2 + m2

Hi
, with µ the supersymmetric Higgsino

mass parameter and mHi
(for i=1,2) the Higgs doublet soft

supersymmetric breaking mass parameters; m2
3 ≡ Bµ is associ-

ated to the B-term soft SUSY breaking parameter; and λi, for

i=1-7, all the Higgs quartic couplings. After the spontaneous

breaking of the electroweak symmetry, five physical Higgs par-

ticles are left in the spectrum: one charged Higgs pair, H±, one

CP -odd scalar, A, and two CP -even states, H and h.

H± = sin βφ±1 +cosβφ±2 , A = sin β Imφ01+cosβ Imφ02;

h = − sinα
(

Re
(

φ01
)

− v1
)

+ cosα
(

Re
(

φ02
)

− v2
)

H = cosα
(

Re
(

φ01
)

− v1
)

+ sinα
(

Re
(

φ02
)

− v2
)

.

with < φ0i >= vi for i=1,2 and v21+v22 ≈ (246 GeV)2. The angle

α diagonalizes the CP -even Higgs squared-mass matrix, while

β diagonalizes both the CP-odd and charged Higgs sectors, and
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h and H are defined as the lightest and heaviest CP-even Higgs

boson, respectively.

V.1.1. The MSSM Higgs Boson Masses

Quite generally for any two Higgs doublet model, including

the MSSM, the phenomenology depends strongly on the size of

the mixing angle α and therefore on the quartic couplings,

sinα =
M2

12
√

(

M2
12

)2
+
(

M2
11 −m2

h

)2

where

M2
12 = −

(

m2
A − (λ3 + λ4) v

2
)

sin β cosβ+λ7v
2 sin2 β+λ6v

2 cos2 β

M2
11 =

(

m2
A + λ5v

2
)

sin2 β + λ1v
2 cos2 β + 2λ6v

2 cosβ sin β

The spectrum is given by

m2
h,H =

M2
11 +M2

22 ±
√

(

M2
11 −M2

22

)2
+ 4

(

M2
12

)2

2

with

M2
22 =

(

m2
A + λ5v

2
)

cos2 β + λ2v
2 sin2 β + 2λ7v

2 cos β sin β .

The charged Higgs boson mass is given by

m2
H± = m2

A + (λ5 − λ4)
v2

2
.

The supersymmetric structure of the theory imposes constraints

on the Higgs sector of the model. In particular, at tree level,

the parameters of the Higgs self-interaction, λ1−4, are defined

in terms of the electroweak gauge coupling constants,

λ1 = λ2 = g22/4, λ3 = −
(

g21 − g22
)

/4 λ4 = −g22/2,

and λ5,6,7 = 0 . As a result, all Higgs sector parameters at

tree level are determined by only two free parameters: the ratio

of the Φ1 and Φ2 vacuum expectation values, tanβ = v2/v1,

and one Higgs boson mass, conventionally chosen to be the

CP-odd Higgs boson mass, mA. The other tree-level Higgs

boson masses are then given in terms of these parameters. In

the large mA ≫ MZ limit, also called the decoupling limit [159],
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sinα → − cos β, cosα → sin β, cos(β−α) → 0, and the lightest

CP-even Higgs h behaves as the SM Higgs. The same behavior

is obtained if the quartic couplings are such that M2
12 sin β =

−(M2
11 − m2

h) cosβ [178]. The latter condition represents a

situation in which the coupling of h to fermions and weak gauge

bosons become the same as in the SM, without decoupling

the rest of the non-standard scalars and it is of particular

interest due to the fact that the recently discovered Higgs boson

has SM-like properties. In the MSSM this condition, denote as

alignment [177] can only occur once quantum corrections to the

quartic couplings have been included.

The tree level value of mh is maximized for not only for

large mA ≫ MZ but also for tan β ≫ 1. In the large mA

limit, one finds m2
h ≃ (MZ cos 2β)2 and mA ≃ mH ≃ mH± , up

to corrections of O(MZ
2/mA). Below the scale mA, the Higgs

sector of the effective low-energy theory consists only of h, which

behaves as the SM Higgs boson. This scenario would have been

excluded already by LEP and would not accommodate the

recently discovered Higgs boson. However, radiative corrections

have a significant impact on the values of Higgs boson masses

and couplings in the MSSM. In particular, mh can be lifted to

agree with present LHC measurements.

The dominant radiative effects to the SM-like Higgs mass

arise from the incomplete cancellation between top and scalar-

top (stop) loops and at large tan β also from sbottom and

stau loops. The loop contributions to the tree level quartic

couplings depend on the SUSY spectrum, and render λ5,6,7 non

zero. The stop, sbottom and stau masses and mixing angles

depend on the supersymmetric Higgsino mass parameter µ and

on the soft-supersymmetry-breaking parameters [10,133]: MQ,

MU , MD, ML, ME , and At, Ab Aτ . The first three of these

are the left-chiral and the two right-chiral top and bottom

scalar quark mass parameters. The next two are the left-chiral

stau/sneutrino and the right-chiral stau mass parameters, and

the last three are the trilinear parameters that enter in the

off-diagonal squark/slepton mixing elements: Xt ≡ At −µ cotβ

and Xb,τ ≡ Ab,τ − µ tanβ. The corrections affecting the Higgs

boson masses, production, and decay properties depend on all
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of these parameters in various ways. At the two-loop level, also

the masses of the gluino and the electroweak guagino enter in

the calculations. For simplicity, we shall initially assume that

At, Ab, Aτ , µ, and the gluino and electroweak guagino masses

are real parameters. The impact of complex phases on MSSM

parameters, which will induce CP -violation in the Higgs sector,

is addressed below.

Radiative corrections to the Higgs boson masses have been

computed using a number of techniques, with a variety of ap-

proximations; see Refs. [137,138,139,140,141,142,143,144,145,146,147,148,149].

The radiative corrections to the mh depend strongly on the top

quark mass (∼ m4
t ) and the stop mixing parameter (∼ X2

t and

∼ X4
t ), and there is also a logarithmic dependence on the stop

masses. For large tan β, the stau/sbottom mixing parameters

and masses are also relevant. In the large mA (decoupling)

limit and for tan β ≫ 1, that maximizes mh at tree level, the

mh value can be maximized at loop level for Xt ≃
√
6MSUSY,

where MSUSY ≃ MQ ≃ MU ≃ MD is an assumed common

value of the soft SUSY-breaking squark mass parameters. This

choice of Xt is called the “maximal-mixing scenario”. For fixed

Xt, the value of mh can varied by a few to several GeV by

varying MSUSY a few TeV or mt within its experimental error,

as well as varying SUSY particle parameters entering only be-

yond the one- loop order. Moreover, in the large tan β regime

light staus and/or sbottoms with sizable mixing, governed by

the µ parameter, yield negative radiative corrections to the

mass of the lightest Higgs boson, and can lower it by several

GeV [145,167]. Allowing for experimental and theoretical un-

certainties, one finds for MSUSY. 2 TeV, large mA, tanβ ≫ 1

and for Xt ≃
√
6MSUSY, that the maximal value for the lightest

Higgs mass is mmax
h = 135 GeV [164,165,166]. Interestingly,

the upper bound on the lightest neutral scalar boson is a pre-

diction for both the CP -conserving (CPC) and CP -violating

(CPV ) [195] MSSM scenarios.

The newly discovered SM-like Higgs boson, if interpreted

as the lightest MSSM Higgs with a mass of about 125 GeV,

provides information on the possible MSSM parameter space.

In particular a sizable mixing in the stop sector is required

October 29, 2013 21:25



– 78–

(Xt ≥ 1.5MSUSY) for values of MSUSY ≃ MQ ≃ MU ≃ MD ≃
1 to a few TeV [167,169,168,170,171,172,173,174]. See for

example Fig. 26. In a bottom up approach, considering the

third generation soft SUSY breaking parameters as input and

deriving constraints from the requirement of mh ≃125 GeV, one

observes that one can have a light stop as low as experimentally

allowed [175] and the other one of order of the mixing parameter,

or both stops below a TeV with Xt ≥ 1.5 TeV, see for example

Fig. 27. It is also possible to consider both stops significantly

above a few TeV by varying/lowering the values of Xt and tanβ,

in that case the impact of higher loops in the computation of

the Higgs mass becomes relevant, see Fig. 28 [149].

For a given CP odd Higgs mas mA, the masses of the other

two Higgs bosons, H and H±, also receive radiative corrections,

but in the absence of additional CP violating phases, and for

mA larger than mh ≃ 125 GeV, they are all similar, and at

most about a few tens of GeV apart. For mA smaller instead,

the heavy Higgs is the SM one, mH ≃ 125 GeV and mh ≃ mA,

but this scenario is strongly challenged by present data, and

we will not concentrate on it in this review [163]. For a more

detailed discussion of the effect of radiative corrections on the

heavy Higgs masses see for example Refs. [17] and [158]. .

Figure 26: Ref. 169. See full-color version on
color pages at end of book.
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Figure 27: Ref. 167. See full-color version on
color pages at end of book.

Figure 28: Ref. 149. See full-color version on
color pages at end of book.

V.1.2. MSSM Higgs Boson Couplings

The phenomenology of the Higgs sector depends on the

couplings of the Higgs bosons to gauge bosons, and fermions.

The couplings of the two CP -even Higgs bosons to W± and Z

bosons are given in terms of the angles α and β

ghV V = gVmV sin (β − α) gHV V = gVmV cos (β − α) (9)

where gV ≡ 2mV /v, for V = W± or Z. There are no tree-

level couplings of A or H± to V V . The couplings of the Z

boson to two neutral Higgs bosons, which must have opposite

CP -quantum numbers, are given by

ghAZ = gZ cos (β − α) /2 gHAZ = −gZ sin (β − α) /2 .

(10)

Charged Higgs-W boson couplings to neutral Higgs bosons and

four-point couplings of vector bosons and Higgs bosons can be

found in Ref. 11.
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The tree-level Higgs couplings to fermions obey the follow-

ing property: the neutral components of one Higgs doublets,

Φ1, couple exclusively to down-type fermion pairs while the

neutral components of the other doublet, Φ2, couple exclu-

sively to up-type fermion pairs [11,160]. This Higgs-fermion

coupling structure defines the Type-II 2HDM [161]. In the

MSSM, fermion masses are generated when both neutral Higgs

components acquire vacuum expectation values, and the rela-

tions between Yukawa couplings and fermion masses are (in

third-generation notation)

hb =
√
2mb/ (v cosβ) ht =

√
2mt/ (v sin β) . (11)

Similarly, one can define the Yukawa coupling of the Higgs

boson to τ -leptons (the latter is a down-type fermion).

The couplings of the neutral Higgs bosons to f f̄ relative to

the SM value, gmf/2MW , are given by

hbb̄ : −sinα/ cosβ = sin (β − α)− tan β cos (β − α) ,

htt̄ : cosα/ sinβ = sin (β − α) + cot β cos (β − α) ,

Hbb̄ : cosα/ cosβ = cos (β − α) + tanβ sin (β − α) ,

Htt̄ : sinα/ sin β = cos (β − α)− cot β sin (β − α) ,

Abb̄ : γ5 tan β , Att̄ : γ5 cotβ , (12)

where the γ5 indicates a pseudoscalar coupling. In each relation

above, the factor listed for bb also pertains to τ+τ−. The

charged Higgs boson couplings to fermion pairs are given by

gH−tb̄ =
g√

2MW

[

mt cot β
1 + γ5

2
+mb tanβ

1 − γ5
2

]

,

gH−τ+ν =
g√
2MW

[

mτ tan β
1− γ5

2

]

, (13)

The non-standard neutral Higgs bosons have significantly

enhanced couplings to down-type fermions at sizeable tanβ.

From the above equations it is clear that this occurs whenever

we are close to the alignment limit: cos(β − α) ≪ 1, where in

the mass eigenbasis only one Higgs acquires a vev. [177,178].

In this case the lightest Higgs boson behaves like the SM one
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and H and A have tanβ enhanced couplings to down type

fermions, and analogous enhanced couplings are in place for the

charged Higgs. The alignment limit is usually identified with

decoupling, mA ≫ MZ . However, alignment can occur without

decoupling, both in the MSSM, once radiative corrections are

taken into account, and most generically in 2HDM’s. This

possibility is intriguing, since it implies that a 125 GeV Higgs

with SM couplings (or less than a few percent away) can

occur irrespective of the rest of the Higgs sector being at the

electroweak scale or much heavier [177]. For the most updated

and detailed study on alignment without decoupling in 2HDM’s

with or without supersymmetry see [178].

Quite in general, radiative corrections can modify signif-

icantly the values of the Higgs boson couplings to fermion

pairs and to vector boson pairs. In a first approximation,

when radiative corrections to the quartic couplings are com-

puted, the diagonalizing angle α is shifted from its tree-

level value, and hence one may compute a “radiatively-

corrected” value for cos(β − α). This shift provides an im-

portant source of the radiative corrections to the Higgs cou-

plings [147], [167]. The radiative corrections to the angle

α can enable the alignment without decoupling for sizeable

values of the Higgs mass parameter µ ≥ MSUSY and size-

able tan β. Additional contributions from the one-loop vertex

corrections to tree-level Higgs couplings must also be con-

sidered [142,196,197,198,199,200,201,202]. These contributions

alter significantly the Higgs-fermion Yukawa couplings at large

tan β, both in the neutral and charged Higgs sector. Moreover,

these radiative corrections can modify the basic relationship

gh,H,Abb̄/gh,H,Aτ+τ− ∝ mb/mτ , and change the main features of

MSSM Higgs phenomenology.

V.1.3. Decay Properties and Production Mechanisms
of MSSM Higgs Bosons

In the MSSM, neglecting CP -violating effects, one must

consider the decay properties of three neutral Higgs bosons and

one charged Higgs pair. One needs to secure that the mass,

CP nature and decay and production properties of one of the

neutral Higgs bosons is in agreement with Higgs data. This

October 29, 2013 21:25



– 82–

implies that some degree of alignment is necessary so that the

lightest MSSM Higgs couplings to gauge bosons and fermions

do not depart from SM predictions more than what is allowed

by present Higgs precision measurements.

In the alignment region cos(β − α) → 0, and for heavy

SUSY particles, the decay rates of h into SM particles are

nearly indistinguishable from those of the SM Higgs boson. If

the additional Higgs bosons are sufficiently heavy the alignment

is triggered by decoupling and departures would be minimal. If

mA is below a few hundred GeV then departures from alignment

depend on the radiative corrections to the mixing angle α that

are proportional to ratios of mass parameters associated to

the SUSY particles, and hence do not decouple for a heavy

SUSY spectra. The main effects occur in departures from the

h → bb̄ decay rate, hence in its total width and, indirectly,

in all branching ratios. As mentioned before additional effects

may be induced through SUSY-QCD radiative corrections to

the hbb̄ coupling that may be relevant even in the presence of

heavy SUSY particles.

The SM-like branching ratios of h can be modified if decays

into supersymmetric particles are kinematically allowed [203].

Most interesting, if light superpartners exist that couple to

photons and/or gluons, the h loop-induced coupling to gg

and γγ could deviate sizeably from the corresponding SM

predictions [205,167,204] MORE REFS HERE?. In particular,

light staus, close to a 100 GeV with large mixing can enhance

the Higgs decay rate into di-photons by up to 40% with respect

to the SM, without being in conflict with stability of the Higgs

potential [179]. Light charginos, close to the LEP limit, can

also vary the Higgs to diphoton decay rate for small values of

tan β ≃ 2, but limits on the chargino mass preclude them to

be larger than a 10% [180]. Given the smallness of the Higgs

to dipohoton rate, and hence its negligible contribution to the

total Higgs decay width, both light staus and charginos have the

possibility of altering BR(h → γγ) without altering any other

decay rates. Light stops and light sbottoms could contribute

to the Higgs-diphoton rate, but in practice they are strongly

constrained by the fact that they would at the same time yield a
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much larger contribution to gluon fusion Higgs production. The

Higgs-digluon decay rate and gluon fusion Higgs production can

be suppressed due to sbottom effects at large tanβ and large

µ, but in practice such effect is very small for masses above

500 GeV as presently preferred by LHC searches [sbottoms-

LHC]. Light stops, instead, can give relevant contributions

to the Higgs-di-gluon rate and gluon fusion Higgs production.

Depending on the value of the stop mixing and the stop masses

both suppression or enhancement with respect to the SM value

are possible. In practice, due to the requirement from mh,

light stops can only moderately vary the effective gluon-Higgs

coupling and correspondingly the gluon fusion-Higgs production

rate [181].

Given that some degree of alignment is necessary to agree

with data, for the heavier Higgs states there are two possibilities

to be considered, and in both cases the heavier Higgs states,

H , A and H±, are roughly mass degenerate (with masses ±
20 GeV or less apart) i) Alignment triggered by decoupling,

hence mA ≥ several hundred GeV: The AWW and AZZ

couplings vanish, and the HWW and HZZ couplings are very

small. The dominant decay branching ratios strongly depend

on tan β. After incorporating the leading radiative corrections

to Higgs couplings from both QCD and supersymmetry, the

following decay features are relevant in the MSSM. The decay

modes H,A → bb, τ+τ− dominate when tanβ is large (this

holds even away from decoupling). For small tanβ, the tt decay

mode dominates above its kinematic threshold. In contrast

to the lightest SM-like Higgs boson, the vector boson decay

modes of H are strongly suppressed due to the suppressed

HV V couplings in the decoupling limit. For the charged Higgs

boson, H+ → tb̄ dominates. ii) Alignment without decoupling,

hence mA ≤ a few hundred GeV. The main difference with

the previous case is that in the low tan β regime (tanβ ≤
5) additional decay channels may be allowed which involve

decays into the lightest SM-like Higgs. For A and H, besides

the H,A → bb, τ+τ− decay modes, also e.g., A → Zh, H → hh

as well as H → WW/ZZ decay modes are available. For the
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charged Higgs boson, H+ → τ+ντ dominates below the tb̄

threshold, and also H± → W±h may be searched for.

In the case of sufficiently light SUSY particles, the heavy

Higgs boson decays into charginos, neutralinos and third-

generation squarks and sleptons can be important if they are

kinematically allowed [207]. Once again one interesting possi-

bility is a significant branching ratio for the decay of a neutral

Higgs boson to the invisible mode χ̃0
1χ̃

0
1 (where the lightest neu-

tralino χ̃0
1 is the lightest supersymmetric particle) [208], which

poses a challenge at hadron colliders.

The production mechanisms for the SM Higgs boson at

e+e− and hadron colliders can also be relevant for the produc-

tion of the MSSM neutral Higgs bosons. However, one must

take into account the possibility of enhanced or suppressed

couplings with respect to those of the Standard Model, as pre-

viously discussed. The supersymmetric-QCD corrections due to

the exchange of virtual squarks and gluinos may modify the

cross sections depending on the values of these supersymmetric

particle masses. At both lepton and hadron colliders there are

new mechanisms that produce two neutral Higgs bosons, as

well as processes that produce charged Higgs bosons singly or

in pairs. In the following we summarize the main processes for

MSSM Higgs boson production. For more detailed discussions

see Refs. [17,158], and for the state-of-the-art calculations

of higher order QCD, electroweak and SUSY corrections and

combined effects as well as estimates of uncertainties at hadron

colliders see [19,20,21] and references therein.

The main production mechanisms for the neutral MSSM

Higgs bosons at e+e− colliders are Higgs-strahlung (e+e− →
Zh, ZH), vector boson fusion (e+e− → νν̄h, νν̄H)—withW+W−

fusion about an order of magnitude larger than ZZ fusion—

and s-channel Z boson exchange (e+e− → Ah,AH) [209]. For

the Higgs-strahlung process, it is possible to reconstruct the

mass and momentum of the Higgs boson recoiling against the

particles from the Z boson decay, and hence sensitive searches

for Higgs bosons decaying even to invisible final states can be

applied.
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The main charged Higgs boson production process at

e+e− colliders is via s-channel γ or Z boson exchange (e+e− →
H+H−). Charged Higgs bosons can also be produced in top

quark decays via t → b + H+ if m±
H < mt − mb or via the

one-loop process e+e− → W±H∓ [210,211], which allows the

production of a charged Higgs boson with m±
H >

√
s/2, even

when H+H− production is kinematically forbidden. Other sin-

gle charged Higgs production mechanisms include tb̄H−/ t̄bH+

production [34], τ+νH−/ τ−ν̄H+ production [212], and a

variety of processes in which H± is produced in association

with a one or two other gauge and/or Higgs bosons [213].

At hadron colliders, the dominant neutral Higgs production

mechanism over the majority of the MSSM parameter space is

gluon-gluon fusion, mediated by triangle loops containing heavy

top and bottom quarks and the corresponding supersymmetric

partners [214]. As previously discussed, the effect of light

stops that may contribute to the the gluon fusion production

will be partially cancelled, by the fact that they need to have

sizeable mixing, while light sbottoms that could suppress gluon

fusion through mixing effects are disfavored by data. Higgs bo-

son radiation off bottom quarks becomes important for large

tan β, where at least two of the three neutral Higgs bosons have

enhanced couplings to bottom-type fermions [215,216]. In the

search for non-standard neutral Higgs bosons, A and H, the

production can be via either of the above channels in the final

inclusive di-tau mode and via radiation off bottom quarks in

the 4b’s final mode. It turns out that the bbφ, φ → bb channel

depends strongly on the radiative corrections affecting the rela-

tion between the bottom quark mass and the bottom Yukawa

coupling [142,147,200,201], while in the channels with τ+τ−

final states, compensations occur between large corrections in

the Higgs boson production and decay. As a result, the bbA

channel is more sensitive to the specific SUSY scenario, while

the the inclusive τ+τ− channel is rather robust under variations

of the SUSY spectra. At high tanβ the production and decay

rates of H are similar to those of A, and given that A and H are

nearly degenerate in mass, the signal cross section is increased

by roughly a factor of two. Detailed discussions of the impact
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of radiative corrections in these search modes are presented in

Refs. [238] and [246].

The vector boson fusion and Higgs-strahlung production of

the CP -even Higgs bosons as well as the associated produc-

tion of neutral Higgs bosons with top quark pairs have lower

production cross sections by least an order of magnitude with

respect to the dominant ones, depending on the precise region

of MSSM parameter space.

Charged Higgs bosons can be produced in several different

modes at hadron colliders. If mH± < mt − mb, the charged

Higgs boson can be produced in decays of the top quark via

the decay t → bH+, which would compete with the SM pro-

cess t → bW+. Relevant QCD and SUSY-QCD corrections

to BR(t → H+b) have been computed [217,218,219,220]. For

values of mH± near mt, width effects are important. In ad-

dition, the full 2 → 3 processes pp/pp̄ → H+t̄b + X and

pp/pp̄ → H−tb̄ + X must be considered. If mH± > mt − mb,

then charged Higgs boson production occurs mainly through

radiation from a third generation quark. Charged Higgs bosons

may also be produced singly in association with a top quark via

the 2 → 3 partonic processes gg, qq̄ → tb̄H− (and the charge

conjugate final states). For charged Higgs boson production

cross section predictions for the Tevatron and the LHC, see

Refs. [10,221,222,223,224,225,226,227]. Charged Higgs bosons

can also be produced via associated production with W± bosons

through bb annihilation and gg-fusion [228]. They can also be

produced in pairs via qq annihilation [229]. The inclusive

H+H− cross section is less than the cross section for single

charged Higgs associated production [229–231].

V.1.4. Benchmark Scenarios in the MSSM for a 125
GeV light Higgs

The experimental uncertainties on the measurements of the

production cross sections times branching ratios are at present

rather large, and a Higgs sector that differs significantly from

the SM case can still fit the data. Hence it is important to

explore scenarios were the lightest Higgs agrees with present

data but still allows for novel new physics features, and to

consider the implications of such scenarios in the search for the
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remaining MSSM Higgs bosons. The additional Higgs boson are

sought for mainly via the channels

pp → A/H → τ+τ− (inclusive) , bb̄A/H,A/H → τ+τ− (with b−tag) ,

bb̄φ, φ → bb̄ (with b−tag) ,

pp → tt̄ → H±W∓ bb̄, H± → τντ ,

gb → H−t or gb̄ → H+t̄, H± → τντ .
(14)

Figure 29: Allowed regions in the mA tanβ
plane, compatible with the lightest Higgs bo-
son mass, mh = 125.5 ± 3 GeV, for the max-
imal mixing scenario (hatched black region),
the moderate stop mixing benchmark scenario
(green shaded region) and the light stop scenario
(blue hatched region), as defined in Ref. 163.
See full-color version on color pages at end of
book.

The non-observation of any additional state in these produc-

tion and decay modes puts by now stringent constraints on the

MSSM parameter space, in particular on the values of the tree

level parameters mA and tan β. Similarly, the non-observation

of supersymmetric particles puts constraints on masses of stops

and sbottoms as well as gluinos and electroweak gauginos that

are relevant for the Higgs sector. It is possible to do an scan

of the MSSM parameters assuming a simplified structure of the

Higgs radiative corrections [maiani], or varying a restricted

number of the most relevant parameters [pMSSM7] and obtain
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a best fit to the various, measured rates of cross sections and

branching ratios, assuming the lightest Higgs boson is the one

recently discovered at the LHC. However, due to the large num-

ber of free parameters that are relevant for the Higgs sector,

a complete scan of the MSSM parameter space is impractical

in experimental analyses and phenomenological studies. In the

past, for LEP and also for the Tevatron and the LHC it has

been useful to define a set of benchmark scenarios to highlight

interesting conditions for MSSM Higgs searches. Now taking

into account the recent discovery of a Higgs-like state of 125.5

GeV, it is most useful to define updated MSSM benchmarks

scenarios that over a wide range of their parameter space are

compatible with both the mass and the detected production

and decay rates of the observed signal [163]. They include i) an

updated version of the maximal mixing scenario with a larger

value of the gluino mass compatible with LHC bounds. This

scenario was originally defined to consider values of the stop

mixing to maximize the mh value and, as a result, only a small

region of parameter space is compatible with mh = 125.5GeV

ii) a moderate mixing scenario in which the light CP-even Higgs

boson can be interpreted as the newly discovered state within

almost the whole parameter space of the mA − tan β plane that

is unexcluded by limits from Higgs searches at LEP and the

LHC, iii) a light stop scenario with stop masses in the few to

several hundred GeV range that can give contributions to gluon

fusion Higgs production iv) a light stau scenario where the light

stau can enhance the SM branching ratio into diphotons for

large tanβ v) a tau-phobic scenario that exhibits variations of

BR(h → bb̄) and BR(h → τ+τ−) with respect to their SM

values.

The above benchmarks are just examples that interpret the

LHC signal as the lightest CP-even MSSM Higgs boson. In

Fig. 29 we show the regions in the mA − tan β plane that are

compatible with a light CP even Higgs mass, mh = (125.5± 3)

GeV, for the above benchmarks scenarios. The parameter space

allowed by cases ii, iv and v are overlapping, hence only

the moderate mixings scenario is shown in the figure. The

defined scenarios exemplify cases where deviations from the SM
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properties would be in place in all of the allowed parameter

space due to loop effects and irrespective of the precise value

of mA (cases iii and iv above), where h tends to behave as a

SM-like Higgs as the theory approaches the decoupling limit

(cases i and ii above) and where h behaves SM-like due to

alignment for specific regions of tanβ and large µ irrespective

of the value of mA (case v). The above benchmarks have

also different behavior for the properties of the heavy Higgs

bosons. In particular, the light stau scenario the decay of

A/H → τ̃+1 τ̃−1 becomes relevant. It the above benchmarks it is

also possible to have decays of H → hh in regions of moderate

mA and moderate tan β as far as one is away from alignment.

Also for the previous benchmarks, considering the traditional

A/H → τ+τ− search channel, one would observe variations in

the LHC reach depending on the values of µ and M2. If both

parameters are small, as in the maximal and moderate mixing

scenarios, then the decays of heavy neutral Higgs bosons into

gauginos become competitive for small to moderate tan β and

mA. On the contrary, if at least one of the two parameters

becomes larger as in the rest of the benchmark scenarios, then

the decay of heavy neutral Higgs bosons into gauginos closes

up and the reach in A/H → τ+τ− is significantly enhanced

for the same regions of tanβ and mA. Lastly varying the

parameter µ in both sign and magnitude within the previous

benchmarks, the radiative corrections to the bottom Yukawa

coupling can vary significantly, and alters significantly the 4b’s

channel and to a lesser extent the inclusive di-tau channel reach.

Future precision measurements of the Higgs boson couplings to

fermions and gauge bosons together with information on heavy

Higgs searches will provide powerful information on the SUSY

parameter space [178]. Initial studies can be found in Refs.

[maiani], [pMSSM7].

V.2. Indirect constraints on additional states

Indirect bounds from a global fit to precision measurements

of electroweak observables can be derived in terms of MSSM

parameters [269] in a way similar to what was done in the SM.

prediction of the MSSM. Given the MSSM and SM predictions

for MW as a function of mt, and varying the Higgs boson mass
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and the SUSY spectrum, one finds that the MSSM overlaps

with the SM when SUSY masses are large, of O(2 TeV), and

the light SM-like Higgs boson has a mass in the experimentally

preferred mass range: mh 1̃14–129 GeV. The MSSM Higgs

boson mass expectations are compatible with the constraints

provided by the measurements of mt and MW [270]. A global

fit for mh in the Constrained MSSM, for example, yields

mh = 119.1+3.4
−2.9 GeV after including the constraints from LHC

data, instead of the pre-LHC value of mh = 111.5+3.5
−1.2 GeV,

improving the consistency of the model predictions with the

LEP exclusion [271] 4. These global fit studies show that a

SM-like Higgs with mass 125 GeV or larger would start to build

up some tension with gµ−2 that may ultimately lead to exclude

the CMSSM or other types of constrained SUSY scenarios for

which similar results can be obtained.

Improvements in our understanding of B-physics observ-

ables put indirect constraints on MSSM scenarios in regions

in which Higgs boson searches at the Tevatron and the LHC

are sensitive. In particular, BR(Bs → µ+µ−), BR(b → sγ),

and BR(Bu → τν) play an important role within minimal

flavor-violating (MFV) models [272], in which flavor effects

proportional to the CKM matrix elements are induced, as in

the SM. For example, see Refs. [273–276]. The supersymmet-

ric contributions to these observables come both at the tree-

and loop-level, and have a different parametric dependence,

but share the property that they become significant for large

values of tan β, which is also the regime in which searches for

non-standard MSSM Higgs bosons at hadron colliders are the

most powerful.

In the SM, the relevant contributions to the rare decay

Bs → µ+µ− come through the Z-penguin and the W±-box

diagrams [277]. In supersymmetry with large tan β, there are

also significant contributions from Higgs-mediated neutral cur-

rents [278–281], which depend on the SUSY spectra, and grow

with the sixth power of tanβ and decrease with the fourth

power of the CP -odd Higgs boson mass mA. Therefore, the

4 This fit does not include the direct limits on the Higgs boson

mass from any collider.
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upper limits from the Tevatron and the LHC [282] put strong

restrictions on possible flavor-changing neutral currents (FCNC)

in the MSSM at large tan β [283].

Further constraints are obtained from the rare decay b →
sγ. The SM rate is known up to NNLO corrections [284,285]

and is in good agreement with measurements [286]. In the

Type-II 2HDM and in the absence of other sources of new

physics at the electroweak scale, a bound mH± > 295 GeV has

been derived [284]. Although this indirect bound appears much

stronger than the results from direct charged Higgs searches, it

can be invalidated by new physics contributions, such as those

which can be present in the MSSM. In the minimal flavor-

violating MSSM, there are new contributions from charged

Higgs as well as chargino-stop and gluino-sbottom diagrams.

The charged Higgs boson’s contribution is enhanced for small

values of its mass and can be partially canceled by the chargino

and gluino contributions or by higher-order tan β-enhanced loop

effects.

The branching ratio Bu → τν, measured by the Belle

[287,288] and BaBar [289,290] collaborations, also constrains

the MSSM. The SM expectation is in slight tension with the

latest experimental results [291]. In the MSSM, there is an

extra tree-level contribution from the charged Higgs which

interferes destructively with the SM contribution, and which

increases for small values of the charged Higgs boson mass and

large values of tan β [292]. Charged Higgs effects on B → Dτν

decays [293], constrain in an important way the parameter

space for small values of the charged Higgs boson mass and large

values of tan β, and exclude a region that is otherwise allowed

by values of Bu → τν [291,294,295]. These two observables

are only mildly dependent on the SUSY spectra.

Charged Higgs bosons can play a role in explaining the

evidence for CP violation in D0 → π+π−, K+K− decays

recently presented by LHCb [296] and CDF [297]. In a

particular minimal flavor violating 2HDM, tree-level charged

Higgs insertions can give large contributions to CP violation

in D0 decays while also being consistent with stringent bounds
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from D0 − D̄0 mixing, BR(b → sγ), and BR(Bu → τν), as well

as direct searches such as H → τ+τ− [298].

Several studies [273–276,299,300] have shown that, in ex-

tended regions of parameter space, the combined B-physics

measurements impose strong constraints on the MSSM models

to which Higgs boson searches at the Tevatron and the LHC

are sensitive. Consequently, the observation of a non-SM Higgs

boson at the Tevatron or the LHC would point to a rather

narrow, well-defined region of MSSM parameter space [273,301]

or to something beyond the minimal flavor violation framework.

Another indirect constraint on the Higgs sector comes from

the search for dark matter. If dark matter particles are weakly

interacting and massive, then particle physics can provide

models which predict the correct relic density of the universe.

In particular, the lightest supersymmetric particle, typically

the lightest neutralino, is an excellent dark matter particle

candidate [302]. Within the MSSM, the measured relic density

places constraints in the parameter space, which in turn - for

specific SUSY low energy spectra- have implications for Higgs

searches at colliders, and also for experiments looking for direct

evidence of dark matter particles in elastic scattering with

atomic nuclei. Large values of tan β and small mA are relevant

for the bbA/H and A/H → τ+τ− searches at the Tevatron

and the LHC, and also provide a significant contribution from

the CP -even Higgs H exchange to the spin-independent cross

sections for direct detection experiments such as CDMS or

Xenon, for example. Consequently, a signal at colliders would

raise prospects for a signal in indirect detection experiments

and vice-versa [299,301,303–305]. theoretical uncertainties in

the calculation of dark matter scattering cross sections, and

in the precise value of the local dark matter density and

velocity distributions, which may dilute these model-dependent

correlations.

V.3. Higgs Bosons in Singlet extensions of the MSSM

In the Minimal Supersymmetric Standard Model, the Higgs

mass parameter µ sets the scale of electroweak symmetry break-

ing. However, µ is the only supersymmetric mass parameter in

the theory, that is present when SUSY is unbroken, and hence
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there is a priori no reason why it should be of order of the

electroweak scale, or the supersymmetry breaking scale, but

rather it would naturally be of order MGUT or MP lanck. The

fact that phenomenologically it is required that µ is at the

electroweak/TeV scale is known as the µ problem. Supersym-

metric models with additional singlets can provide a solution

to the µ problem [muproblem], by promoting the µ parameter

to a dynamical singlet superfield S that only interacts with the

MSSM Higgs doublets through a coupling λS at the level of the

superpotential. An effective µ is generated when the real scalar

component of S acquires a vacuum expectation value < S >

µeff. = λS < S > . (15)

After the minimization of the Higgs potential the vacuum state

relates the vacuum expectation values of the three neutral

scalars, φ01, φ02 and S, to their soft supersymmetry breaking

masses, hence, one expects that these vevs should all be of

order MSUSY and therefore the µ problem is solved.

The solution of the µ problem through the addition of a

singlet superfield to the MSSM comes along with the existence

of an extra global U(1) symmetry, known as the Peccei-Quinn

(PQ) symmetry. Once the PQ symmetry is spontaneously bro-

ken by the Higgs vevs a pseudo-Nambu-Goldstone boson, the

PQ axion appears in the theory. For values of λS of order one

the lack of detection of such an axion rules out the theory.

Making λS very small (≤ 10−6) would decouple the axion and

render things compatible with experimental results, but then

one would be trading the µ problem by a λS problem, since there

is no explanation to why λS should be so small. Promoting the

PQ symmetry to a local symmetry involving additional gauge

bosons and matter fields could be a viable option that has been

explored in the literature. Alternatively there is the possibility

to break the PQ symmetry explicitly by introducing a discrete

Z3 symmetry that allows the existence of a PQ odd S3 term

in the superpotential. This model extension has been called the

Next-to- Minimal Supersymmetric SM (NMSSM) [309]. It is

known however that discrete symmetries may came along with

the existence of domain wall structures that imply that our
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universe would consist of disconnected domains with different

ground states, creating unacceptably large anisotropies in the

cosmic microwave background [domainwalls]. To avoid the

problem of domain walls one can consider the existence of non-

renormalizable operators that would lead to the preferred vac-

uum state. However the same operators in turn may originate

quadratically divergent tadpole contributions that could shift

the vev of S to be much larger, order MGUT , and ruin the singlet

solution to the µ problem. To cure the problem of destabilizing

tadpoles, discrete R-symmetries have been proposed that secure

that tadpoles would only appear at very high order loops and

be safely suppressed. Depending on the symmetries imposed

on the theory, different models with singlet extensions of the

MSSM (xMSSM) have been proposed. In Table @Tb.xmssm-

model@ we show the most studied examples: the NMSSM, the

Nearly-Minimal Supersymmetric SM (nMSSM) [310], and the

U(1)’-extended MSSM (UMSSM) [UMSSM], specifying the

new parameters appearing in the superpotential and the respec-

tive symmetries. A Secluded U(1)’-extended MSSM (sMSSM)

[sMSSM] contains three singlets in addition to the standard

UMSSM Higgs singlet; this model is equivalent to the nMSSM

in the limit that the additional singlet vev’s are large, and the

trilinear singlet coupling, λS , is small [limitsMSSM].

Based on the extended models defined in Table@Tb.xmssm-

model@, we write the most generic supersymmetric and soft

supersymmetry breaking scalar potentials for the three scalar

fields: Φ1, φ2 and S:

VxMSSM = |λSΦ2 · Φ1 + tF + κS2|2 + |λSS|2
(

|Φ1|2 + |Φ2|2
)

g′2 + g2

8

(

|Φ1|2 − |Φ2|2
)2

+
g2

2

(

|Φ1|2|Φ2|2 − |Φ2 · Φ1|2
)

g′1
2

2

(

QΦ1 |Φ1|2 +QΦ2|Φ2|2 +QS|S|2
)2

(16)
Vsoft = m2

H1
|Φ1|2 +m2

H2
|Φ2|2 +m2

s|S|2

+
(

AsλSSHu ·Hd +
κ

3
AκS

3 + tSS + h.c.
)

.
(17)

where Φ2 · Φ1 = ǫijΦ
i
2Φ

j
1 and the couplings g′, g, and g′1 are

associated to the U(1)Y , SU(2)L, and U(1)′ gauge symmetries,
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Table 13: Symmetries associated to the differ-
ent Singlet extension Models and terms in the
superpotential that only involve Higgs and Sin-
glet fields. Also the number of neutral states in
the Higgs sector are given in the CP conserving
case.

Model MSSM NMSSM nMSSM UMSSM

Symmetry - Z3 ZR
5 , Z

R
7 U(1)′

Superpotential µΦ2 · Φ1 λSSΦ2 · Φ1 +
κ

3
S3 λSSΦ2 · Φ1 + tFS λSSΦ2 · Φ1

H0
i 2 3 3 3

A0
i 1 2 2 1

respectively. tF and tS are supersymmetric and SUSY breaking

tadpole terms, respectively, ms is a SUSY breaking mass term

for the scalar component of the field S, and As and Aκ are

the trilinear soft SUSY breaking mass parameters associated

to the new terms λSSΦ2 · Φ1 and
κ

3
S3 in the superpotential,

with the B-term of the MSSM expressed as Bµ ≡ Asµeff .

In particular, κ and Aκ are the parameters for the NMSSM

model, while tF and tS are those of the nMSSM. The UMSSM

depends on the new coupling g′1 as well as on the U(1)′ charges

of the Higgs fields, QΦ1 , QΦ2 and QS , that are free parameters

with the restriction that they have to add to zero to preserve

gauge invariance. In a given U(1)′ construction the charges

are specified. The addition of the singlet scalar field/s imply

that additional CP-even and CP-odd Higgs bosons will appear

in the spectra, whereas the charged Higgs sector remains the

same as in the MSSM given that the number of Higgs doublets

remains unchanged. The mixing with the extra scalar S alters

the masses and properties of the physical Higgs bosons, that in

general can differ significantly from the SM or the MSSM. A

detailed discussions of typical mass spectra and decay properties

in these models can be found for example in [CPNSH,xmssm-

Langacker]. Moreover, these models have extra neutralinos and

in some cases extra neutral gauge bosons, Z’. The extra gauge

boson sector is constrained by experimental data through direct

Z’ searches as well as the Z-Z’ mixing angle αZZ′ constrained

to be less that O(10−3) by precision electroweak data .
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V.3.1. The xMSSM Higgs Boson Masses and Phe-
nomenology

In singlet extensions of the MSSM the lightest Higgs mass

at tree level, mtree
H1

receives a contribution from the singlet

scalar that renders it larger that the MSSM value, in particular

for small values of tanβ. The tree level upper bound reads

mtree
H1

≤ M2
Z cos2 2β +

1

2
λ2Sv

2 sin2 2β (18)

At the one-loop level, the top and stop loops are the domi-

nant contributions. Gauge couplings in the UMSSM are small

compared to the top quark Yukawa coupling so the one-loop

gauge contributions are negligible. Corrections exclusive to the

NMSSM and the nMSSM enter only at the two loop level.

Therefore, thre is no significant model-dependent contributions

at one loop order and the MSSM one-loop corrections, gov-

erned by the SUSY top and stop loops, and with sbottom

and stau loops for large tan β, are universal in these models.

As a result for large tan β, the lightest Higgs mass does not

differ in any significant way for the MSSM one. In Fig. 30

from Ref. @Ref.xmssm-Langacker@, the mass ranges for the

lightest CP-even Higgs boson in the MSSM, NMSSM, nMSSM

and UMSSM are shown scanning over parameters as shown in

Table @Tb.xmssm-scan@. The value of MSUSY is fixed to

1 TeV and the radiative corrections are computed only at one

loop level, The upper bounds in Fig. 30 are indicative, since

two loop corrections, as has been shown for the MSSM, can be

rather relevant and have not been included.

Figure 30: Mass ranges for the lightest CP-
even Higgs boson in each extended MSSM sce-
narios discussed in the text, and in the MSSM,
for comparison. The range of scan parameters
is shown in Table @Tb.xmssm-scan@. The
value of MSUSY is fixed to 1 TeV and the radia-
tive corrections are computed only at one loop
level. Ref.@Ref.xmssm-Langacker@. See full-
color version on color pages at end of book.
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V.4. Supersymmetry with Extended Gauge Sectors

In the MSSM, the tree-level value of the lightest CP-even

Higgs mass originates from the D-term dependence of the scalar

potential that comes from the Supersymmetric Kinetic terms

in the Kähler potential. The D-terms lead to tree-level quartic

couplings which are governed by the squares of the gauge

couplings of the weak interactions, under which the Higgs

has non-trivial charges and hence the lightest Higgs mass is

bounded to be smaller than MZ If new gauge interactions were

present at the TeV scale, and the Higgs bosons would have

non-trivial charges under them, there would be new D-term

contributions that would lead to an enhancement of the tree-

level Higgs mass value. Since the low energy gauge interactions

reduce to the known SU(3)c × SU(2)L × U(1)Y ones, in order

for this mechanism to work, the extended gauge and Higgs

sector should be integrated out in a non-supersymmetric way.

This means that there must be supersymmetry breaking terms

that are of the order or larger than the new gauge boson masses.

The enhancement of the tree-level quartic couplings would then

depend on the square of the gauge couplings of the extended

Higgs sector but will be suppressed when the heavy gauge boson

masses are larger than the supersymmetry breaking scale and

will acquire its full potential only for large values of this scale.

One of the simplest possibilities is to extend the weak in-

teractions to an SU(2)1 × SU(2)2 sector, such that the known

weak interactions are obtained after the spontaneous break-

down of these group to SU(2)L [182]. This may be achieved

by introducing a bi-doublet Σ under the two SU(2) gauge

groups, which acquire a non-trivial vacuum expectation u in

the diagonal direction. The heavy gauge boson masses are

therefore given by M2
W ′ = (g21+g22)u

2/2, and the weak coupling

g2 = g21g
2
2/(g

2
1 + g22).

In order to obtain a new tree-level contribution to the

Higgs potential, the Higgs bosons must be charged under the

new interactions. One possibility is to assume that the third

generation quarks and leptons as well as the Higgs doublets

have charges under the SU(2)1 group, while the second and

third generations have charges under SU(2)2. This provides a
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natural explanation of the largeness of the third generation

couplings compared to the first and second generation ones.

Under these conditions, the D-term contributions to the

neutral Higgs effective potential are given by

VD =
g2∆+ g2Y

8

(

|H0
2 |2 − |H0

1 |2
)2

with

∆ =

1 +
4m2

Σ

g22u
2

1 +
4m2

Σ
(

g21 + g22
)

u2

,

and where mΣ is the supersymmetry breaking term associated

with the bidoublet Σ. It is easy to see that while the MSSM

D-term is recovered when mΣ → 0, it is replaced by the

SU(2)1 × U(1)Y D-term when mΣ becomes much larger than

MW ′. The tree-level mass now reads

(

m2
h

)

tree|
=

g2∆+ g2Y
4

v2 cos2 2β,

and reduces to the MSSM value, M2
Z cos2 2β, for ∆ = 1.

Assuming g1 ≃ g2, values of g1,2 of order one are neces-

sary to obtain the proper value of the weak gauge coupling. In

addition, if values of mΣ of order MW ′ are assumed, enhance-

ments of order 50 percent of the MSSM D-term contribution

to the Higgs mass may be obtained. Such enhancements are

sufficient to allow the obtention of the measured Higgs mass

value without the need of very heavy stops or large stop mixing

parameters.

The gauge extension described above leads to new, heavy

gauge and Higgs bosons, as well as new neutralinos and

charginos. Constraints from precision measurements put bounds

of the order of a few TeV on the mass of these gauge bosons,

which may be probed at the higher energy run of the LHC col-

lider. If the new guagino supersymmetry breaking masses are

smaller then the gauge boson masses, the new electro-weakinos

will have masses of the order of the few TeV and therefore the

weak scale phenomenology reduces to the MSSM one.
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Although we have concentrated on a particular gauge ex-

tension of the MSSM, the results are quite general. Provided

the MSSM Higgs bosons are charged under the extended gauge

group and the supersymmetry breaking parameters associated

with the new spontaneously broken gauge sector are large com-

pared to the new gauge boson masses, non-decoupled D-terms

for the Higgs fields will be generated, leading to a modifi-

cation of the tree-level Higgs mass prediction. Similar gauge

extensions, including also new abelian gauge groups have been

considered, for instance, in Refs. [183]- [190]

Gauge extensions of the MSSM can also lead to an enhance-

ment of the Higgs mass value by modifying the renormalization

group evolution of the Higgs quartic coupling to low energies. In

the MSSM, the evolution of the quartic coupling is governed by

the top-quark Yukawa interactions and depends on the fourth

power of the top-quark mass. The neutralino and chargino con-

tributions, which depend on the fourth power of the weak gauge

couplings, are small due to the smallness of these couplings.

Depending on the values of the soft supersymmetry breaking

parameters in the gaugino and Higgsino sectors, the SU(2)1

gauginos may become light, with masses of the order of the weak

scale. Since the SU(2)1 coupling may be significantly larger

than the SU(2)L one, for small values of the Higgsino mass

parameter µ, the associated charginos and neutralinos may

modify the evolution of the quartic coupling in a significant

way [191]. This may lead to a significant increase of the

lightest CP-even Higgs mass, even for small values of tan β ≃ 1

for which the D-term contributions become small. In addition,

under these conditions, light charginos may lead to a significant

modification of the Higgs diphoton decay rate, which may be as

large as 50% of the SM value.

V.5. Effects of CP violation and R-parity violation

In the Standard Model, CP -violation (CPV ) is induced

by phases in the Yukawa couplings of the quarks to the Higgs

field, which results in one non-trivial phase in the CKM mixing

matrix. SUSY scenarios with new CPV phases are theoretically

appealing, since additional CPV beyond that observed in the

K, D, and B meson systems is required to explain the observed
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cosmic matter-antimatter asymmetry [258,259]. In the MSSM

CP violation effects in the Higgs sector appear at the quantum

level and are mostly determined by CP phases active in the third

generation squark soft SUSY breaking trilinear mass parameters

as well as in the guagino/gluino masses. In extensions of the

MSSM such as singlet extensions CP violation effects can be

effective already at tree level and due to the larger number of

new parameters there are many more sources of CP violation. In

general CP violation effects in the Higgs sector are importantly

constrained from Electric Dipole Momemts (EDM’s) data.

V.5.1. Effects of CP Violation on the MSSM Higgs
Spectrum

In the MSSM, there are additional sources of CPV from

phases in the various mass parameters. In particular, the gaug-

ino mass parameters (Mi, i = 1, 2, 3), the Higgsino mass

parameter, µ, the bilinear Higgs squared-mass parameter, m2
12,

and the trilinear couplings of the squark and slepton fields to

the Higgs fields, Af , may carry non-trivial phases. The two pa-

rameter combinations arg[µAf (m
2
12)

∗] and arg[µMi(m
2
12)

∗] are

invariant under phase redefinitions of the MSSM fields [260,261].

Therefore, if one of these quantities is non-zero, there would

be new sources of CP -violation, which affects the MSSM Higgs

sector through radiative corrections [195,261–266]. The mixing

of the neutral CP -odd and CP -even Higgs boson states is no

longer forbidden. Hence, mA is no longer a physical parameter.

However, the charged Higgs boson mass mH± is still physical

and can be used as an input for the computation of the neutral

Higgs spectrum of the theory.

For large values of mH± , corresponding to the decoupling

limit, the properties of the lightest neutral Higgs boson state ap-

proach those of the SM Higgs boson. That is, for mH± ≫ MW ,

the lightest neutral Higgs boson is approximately a CP -even

state, with CPV couplings that are suppressed by terms of

O(m2
W /m2

H±). In particular, the upper bound on the lightest

neutral Higgs boson mass, takes the same value as in the CP -

conserving case [261]. Nevertheless, there still can be signifi-

cant mixing between the two heavier neutral mass eigenstates.

For a detailed study of the Higgs boson mass spectrum and
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parametric dependence of the associated radiative corrections,

see Refs. [262,265].

Major variations to the MSSM Higgs phenomenology occur

in the presence of explicit CPV phases. In the CPV case,

vector boson pairs couple to all three neutral Higgs boson mass

eigenstates, Hi (i = 1, 2, 3), with couplings

gHiV V = cosβO1i + sin βO2i

gHiHjZ = O3i (cosβO2j − sin βO1j)−O3j (cosβO2i − sin βO1i)

where the gHiV V couplings are normalized to the analogous

SM coupling and the gHiHjZ have been normalized to gSMZ /2.

Oij is the orthogonal matrix relating the weak eigenstates to

the mass eigenstates. It has non-zero off-diagonal entries mixing

the CP -even and CP -odd components of the weak eigenstates.

The above couplings obey the relations

3
∑

i=1

g2HiZZ = 1 and gHkZZ = εijk gHiHjZ

where εijk is the Levi-Civita symbol.

Another consequence of CPV effects in the scalar sector

is that all neutral Higgs bosons can couple to both scalar and

pseudoscalar fermion bilinear densities. The couplings of the

mass eigenstates Hi to fermions depend on the loop-corrected

fermion Yukawa couplings (similarly to the CPC case), on

tan β and on the Oji. The resulting expressions for the scalar

and pseudoscalar components of the neutral Higgs boson mass

eigenstates to fermions and the charged Higgs boson to fermions

are given in Refs. [262,267].

The production processes of neutral MSSM Higgs bosons in

the CPV scenario are similar to those in the CPC scenario,

except for the fact that in any process, the CP eigenstates h,

H , and A can be replaced by any of the three neutral Higgs

mass eigenstates Hi. This is the case, since, in the presence of

CP violation, the Hi’s do not have well-defined CP quantum

numbers. Regarding the decay properties, the lightest mass

eigenstate, H1, predominantly decays to bb if kinematically

allowed, with a smaller fraction decaying to τ+τ−, similar
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to the CPC case. If kinematically allowed, a SM-like neutral

Higgs boson, H2 or H3 can decay predominantly to H1H1

leading to many new interesting signals both at lepton and

hadron colliders; otherwise it will decay preferentially to bb.

V.5.2. Searches for Neutral Higgs Bosons in CPV

Scenarios

At LEP, all three neutral Higgs eigenstates could have

been produced by Higgs-strahlung, e+e− → HiZ, and in pairs,

e+e− → Z∗ → HiHj , with i 6= j. The production rates depend

on the details of the CPV scenario. Possible cascade decays

such as H2 or H3 → H1H1 can lead to interesting experimen-

tal signatures in the Higgs-strahlung processes, e+e− → H2Z

or H3Z, however, the searches in the CPV MSSM scenario

are experimentally more difficult. The cross sections for the

Higgs-strahlung and pair production processes are given in Refs

[195,261,262,266].

The Higgs boson searches at LEP were interpreted [mssm-

2006] in a CPV benchmark scenario [195] for which the

parameters were chosen so as to maximize the phenomenological

differences with respect to the CPC scenario. Using the most

conservative theoretical calculations available at each point in

the (mH1 , tanβ) plane, parts of the region mH1 < 60 GeV and

tan β < 40 were excluded, and values of tan β lower than 3 were

excluded for all values of mH1 < 114 GeV. The Tevatron CP -

conserving results and projections for MSSM Higgs searches, as

well as the existing projections for LHC MSSM CP -conserving

searches have been reinterpreted in the framework of CP -

violating MSSM Higgs in Ref. 268.

V.6. Non-Supersymmetric two Higgs Doublet Models

Supersymmetry demands the existence of two Higgs dou-

blets such that one doublet couples to up-type quarks and the

other to down-type quarks and charged leptons. This Higgs-

fermion coupling structure is the one identifyed as Type II

2HDM and assures that masses for both up and down-type

quarks can be generated in a supersymmetric and gauge invari-

ant way. Two Higgs doublet models, however, can have a more

diverse Higgs-fermion coupling structure and can be viewed as
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a simple extension of the SM to realize the spontaneous break-

down of SU(2)L × U(1)Y to U(1)em. Quite generally, if the

two Higgs doublets contain opposite hypercharges, the scalar

potential will contain mixing mass parameters of the kind

m2
12Φ

T
1 iσ2Φ2 + h.c.. In the presence of such terms, both Higgs

doublets will acquire vacuum expectation values, v1/
√
2 and

v2/
√
2, respectively, and the gauge boson masses will keep their

SM expressions with the Higgs vacuum expectation value v

replaced by v =
√

v21 + v22 . Moreover, a new parameter appears

in the theory defined as tanβ = v2/v1. Apart from the mass

terms, the most generic renormalizable and gauge invariant

scalar potential contains seven quartic couplings, which are

defined in Eq. (8).

Considering two doublets with hypercharges, with YΦ1 = −1

and YH2 = 1 as in Eqs. (6) and (7), and the most general,

renormalizable Higgs potential will be given by Eq. (8). The

same as in the MSSM case, after electroweak symmetry breaking

and in the absence of CP-violation, the physical spectrum

contains a pair of charged Higgs bosons H±, a CP-odd Higgs

boson A and two neutral CP-even Higgs bosons, h and H. The

angles α and β diagonalized the

The complete 2HDM is defined only after considering the

interactions of the Higgs fields to fermions. Yukawa couplings

of the generic from

−haijΨ̄LHaΨR + h.c.

may be added to the renormalizable Lagrangian of the theory.

Contrary to the SM, the two Higgs doublet structure does

not ensure the alignment of the fermion mass terms mij =

haijva/
√
2 with the Yukawa couplings haij . This implies that

quite generally, the neutral Higgs boson will mediate flavor

changing interactions between the different mass eigenstates of

the fermion fields. Such flavor changing interactions should be

suppressed in order to describe properly the Kaon, D and B

meson phenomenology. The Glashow-Weinberg theorem [308]

states that, in the presence of multiple Higgs doublets the tree-

level FCNC’s mediated by neutral Higgs bosons will be absent

if all fermions of a given electric charge couple to no more
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than one Higgs doublet. Hence, the simplest way of avoiding

such transitions is to assume the existence of a symmetry that

ensures the couplings of the fermions of each given quantum

number (up and down quarks, charged and neutral leptons) to

only one of the two Higgs doublets. Different models may be

defined depending on which of these fermion fields couple to a

given Higgs boson. Models of type I are those in which all SM

fermions couple to a single Higgs field. In type II models down

quarks and charged leptons couple to a common Higgs field,

while the up-quarks and neutral leptons couple to the other. In

models of type III quarks couple to one of the Higgs bosons,

while leptons couple to the other. Finally, in models of type IV,

up-quarks and charged leptons couple to one of the Higgs fields

while down-quarks and neutral leptons couple to the other.

Beyond the constraints coming from FCNC effects, in elec-

troweak models based on the SM gauge group, the tree-level

value of ρ is determined by the Higgs multiplet structure. By

suitable choices for the hypercharges, and in some cases the

mass splitting between the charged and neutral Higgs sector or

the vacuum expectation values of the Higgs fields, it is possible

to obtain a richer combination of doublets, as well as sin-

glets, triplets and higher multiplets compatible with precision

measurements [307].

The two Higgs doublet model phenomenology depends

strongly on the size of the mixing angle α and therefore

on the quartic couplings, see Eqs. For large values of mA,

sinα → − cos β, cosα → sin β, cos(β − α) → 0, and the

lightest CP-even Higgs h behaves as the SM Higgs. The same

behavior is obtained if the quartic couplings are such that

M2
12 sin β = −(M2

11 − m2
h) cosβ. The latter condition repre-

sents a situation in which the coupling of h to fermions and

weak gauge bosons become the same as in the SM, without

decoupling the rest of the non-standard scalars and it is of

particular interest due to the fact that the recently discov-

ered Higgs boson has SM-like properties. We will denote this

situation as alignment.

In type II Higgs doublet models, at large values of tanβ and

moderate values of mA, the non-standard Higgs bosons H,A
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and H± couple strongly to bottom-quarks and τ -leptons. Hence

the decay modes of the non-standard Higgs bosons tend to be

dominated by b-quarks and tau-leptons modes, including top

quarks or neutrinos in the case of the charged Higgs. However,

for large and negative values of λ4, the charged Higgs boson

mass may be sufficiently heavy to allow on-shell decays

H± → W±+(H,A) , gH±W∓H,A ≃ MW

v
sin (β − α) (p+ k)µ

where pµ and kµ are the scalar field momenta. On the other

hand, for large and positive values of λ5, the above charged

Higgs decay into a W± and the CP-odd Higgs boson may be

allowed, but the heavy Higgs H may be sufficiently heavy to

decay into a CP-odd Higgs boson and an on-shell Z.

H → Z +A, gHZA ≃ MZ

v
sin (β − α) (p+ k)µ

The decay H± → W± +H , on the other hand may be allowed

only if λ4 < −λ5. The couplings controlling all the above decay

modes are proportional to sin(β − α) and therefore they are

unsuppressed in the alignment limit. Moreover, these could still

be the dominant decay modes at moderate values of tanβ,

invalidating the current bounds on these particles, obtained

assuming a dominant decay into bottom-quarks or τ -leptons.

The quartic couplings are restricted by the condition of

stability of the effective potential as well as by the restriction of

obtaining the proper value of the lightest CP-even Higgs mass.

Close to the alignment limit, the lightest CP-even Higgs mass

becomes, approximately independent of mA and is given by

m2
h ≃ v2

(

λ1 cos
4 β + λ2 sin

4 β + 2λ̃3v
2 cos2 β sin2 β

)

+ v2
(

4λ6 cos
3 β sin β + 4λ7 sin

3 β cosβ
)

(19)

where λ3 = λ3 + λ4 + λ5.

The stability conditions imply the positiveness of all masses,

as well as the avoidance of run-away solutions to large negative

values of the fields in the scalar potential. These conditions

imply

λ1 ≥ 0, λ2 ≥ 0, λ3 + λ4 − |λ5| ≥ −
√

λ1λ2,
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λ3 ≥ −
√

λ1λ2, 2|λ6 + λ7| <
λ1 + λ2

2
+ λ̃3

where the first four are necessary and sufficient conditions in

the case of λ6 = λ7 = 0, while the last one is a necessary

condition in the case all couplings are non-zero. Therefore, to

obtain the conditions that allow the decays H± → W±H,A

and H → ZA, λ3 should take large positive values in order to

compensate the effects of λ4 and λ5.

V.7. Composite Higgs models

Within the SM, EWSB is posited but has no dynamical

original. Furthermore, the Higgs boson appears unnaturally

light. A scenario that remidies these two catches is to consider

the Higgs boson as a bound state of new dynamics becoming

strong around the weak scale. The Higgs boson can be made

significantly lighter than the other resonances of the strong

sector if it appears as a pseudo-Nambu–Goldstone bosons.

V.7.1. Little Higgs

The idea behind the Little Higgs models [393,394] is to

identify the Higgs doublet as a (pseudo) Nambu–Goldstone

boson while keeping some sizable non-derivative interactions.

By analogy with QCD where the pions π±,0 appear as Nambu–

Godstone bosons associated to the breaking of the chiral sym-

metry SU(2)L × SU(2)R/SU(2), switching on some interactions

that break explicitly the global symmetry will generate a mass

to the would-be massless Nambu–Goldstone bosons of the or-

der of gΛG/H/(4π), where g is the coupling of the symmetry

breaking interaction and ΛG/H = 4πfG/H is the dynamical

scale of the global symmetry breaking G/H . In the case of the

Higgs boson, the top Yukawa interaction or the gauge inter-

actions themselves will certainly break explicitly (part of) the

global symmetry since they act non-linearly on the Higgs bo-

son. Therefore, obtaining a Higgs mass around 100 GeV would

demand a dynamical scale ΛG/H of the order of 1 TeV, which

is known to lead to too large oblique corrections. Raising the

strong dynamical scale by at least one order of magnitude re-

quires an additional selection rule to ensure that a Higgs mass
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is generated at the 2-loop level only

m2
h =

g2

16π2
Λ2
G/H → m2

h =
g21g

2
2

(16π2)
2Λ

2
G/H

The way to enforce this selection rule is through a “collective

breaking“ of the global symmetry:

L = LG/H + g1L1 + g2L2.

Each interaction L1 or L2 individually preserves a subset of

the global symmetry such that the Higgs remains an exact

Nambu–Goldstone boson whenever either g1 or g2 is vanishing.

A mass term for the Higgs boson can be generated by diagrams

involving simultaneously both interactions only. At one-loop,

there is no such diagram that would be quadratically divergent.

Explicitly, the cancellation of the SM quadratic divergences

is achieved by a set of new particles around the Fermi scale:

gauge bosons, vector-like quarks, and extra massive scalars,

which are related, by the original global symmetry, to the SM

particles with the same spin. Contrary to supersymmetry, the

cancellation of the quadratic divergences is achieved by same-

spin particles. These new particles, with definite couplings to

SM particles as dictated by the global symmetries of the theory,

are perfect goals for the LHC.

The simplest incarnation of the collective breaking idea, the

so-called littlest Higgs model, is based on a non-linear σ-model

describing the spontaneous breaking SU(5) down to SO(5). A

subgroup SU(2)1 × U(1)1 × SU(2)2 × U(1)2 is weakly gauged.

This model contains a weak doublet, that is identified with

the Higgs doublet, and a complex weak triplet whose mass is

not protected by collective breaking. Other popular little Higgs

models are the minimal moose, the simplest little Higgs, the

bestest little Higgs. . .. For comprehensive reviews, see [395],

[396].

Generically, oblique corrections in Little Higgs models are

reduced either by increasing the coupling of one of the gauge

group (in the case of product group models) or by increasing

the mass of the W and Z partners, leading ultimately to a

fine-tuning of the order of a few percents, i.e., improving only
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marginally the situation of the MSSM (see for instance [397] and

references therein). The compatibility of Little Higgs models

with experimental data is significantly improved when the

global symmetry involves a custodial symmetry as well as a

T -parity [398] under which, in analogy with R-parity in SUSY

models, the SM particles are even and their partners are odd.

Such Little Higgs models would therefore appear in colliders as

jet(s) with missing transverse energy [399] and the ATLAS and

CMS searches for squarks and gluinos [400] can be recasted

to obtain limits on the masses of the heavy vector-like quarks.

The T-even top partner, with an expected mass below 1 TeV

to cancel the top loop quadratic divergence without too much

fine-tuning, would decay dominantly into a t + Z pair or into

a b +W pair or even into t +H . The latest CMS and ATLAS

direct searches [401] for vector-like top partner puts a lower

bound around 700 GeV on their mas, excluding the most

natural region of the parameter space of these models.

The motivation for Little Higgs models is to solve the

little hierarchy problem, i.e., to push the need for new physics

(responsible for the stability of the weak scale) up to around

10 TeV. Per se, Little Higgs models are effective theories valid

up to their cutoff scale ΛG/H . Their UV completions could

either be weakly coupled or strongly coupled.

V.7.2. Models of partial compositeness

The Higgs boson is a special object. Even in composite

models, it cannot appear as a regular resonance of the strong

strong without endangering the viability of the setup when

confronting to data. The way out is that the Higgs appears

as a pseudo Nambu–Goldstone boson: the new strongly sector

is supposed to be invariant under a global symmetry G spon-

taneously broken to a subgroup H at the scale f . To avoid

conflict with EW precision measurements, it is better to avoid

the strong interactions themselves to break the EW symmetry,

hence the SM gauge symmetry itself should be contained in H ,

seeTable 14 for a few examples of coset spaces.
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Table 14: Global symmetry breaking patterns
and the corresponding Goldstone boson contents
of the SM, the minimal composite Higgs model,
the next to minimal composite Higgs model, the
minimal composite two Higgs doublet model.
Note that the SU(3) model does not have a
custodial invariance. a denotes a CP-odd scalar
while h and H are CP-even scalars.

Model Symmetry Pattern Goldstones

SM SO(4)/SO(3) WL, ZL

— SU(3)/SU(2)×U(1) WL, ZL, h

MCHM SO(5)/SO(4)×U(1) WL, ZL, h

NMCHM SO(6)/SO(5)×U(1) WL, ZL, h, a

MC2HM SO(6)/SO(4)×SO(2) ×U(1) WL, ZL, h,H,H±, a

The SM (light) fermions and gauge bosons cannot be part

of the strong sector itself since LEP data have already put

stringent bounds on the compositeness scale of these particules

far above the TeV scale. The gauge bosons couple to the

strong sector by a weak gauging of an SU(2)×U(1) subgroup

of the global symmetry G. Inspiration for the construction

of such models comes from the AdS/CFT correspondence: the

components of a gauge field along extra warped space dimension

being interpretated as the Goldstone boson resulting from the

breaking of global symmetry of the strong sector, seeFig. 31.

The couplings of the SM fermions to the strong sector could

a priori take two different forms: (i) a bilinear coupling of

two SM fermions to a composite scalar operator of the form

L = y q̄LuRO + hc in simple analogy with the SM Yukawa

interactions. This is the way fermion masses were introduced in

Technicolor theories and it generically comes with severe flavor

problems and calls for extended model building gymnastic [402]

to circumvent them; (ii) a linear mass mixing with fermionic

vector-like operators: L = λL q̄LQR + λR ŪLuR. Q and U are

two fermionic composite operators of mass MQ and MU . Being

part of the compsite sector, they can have a direct coupling of

generic order Y∗ to the Higgs boson. In analogy with the photon-

rho mixing in QCD, once the linear mixings are diagonalized,

the physical states are a linear combination of elementary and
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composite fields. Effective Yukawa couplings are generated and

read for instance for the up-type quark

y = Y∗ sin θL sin θR (20)

where sin θi = λi/
√

M2
U + λ2i , i = L,R, measure the amount

of compositeness of the SM left- and right-handed up-quark.

If the strong sector is flavor-anarchic, i.e., if the couplings

of the Higgs to the composite fermions does not exhibit any

particular flavor structure, the relation Eq. (20) implies that

the light fermions are mostly elementary states (sin θi ≪ 1),

while the third generation quarks need to have a sizable degree

of compositeness. The partial compositeness mechanism offers

an appealing dynamical explanation of the hierarchies in the

fermion masses. In fact, assuming the strong sector to be al-

most conformal above the confinement scale, the low-energy

values of the mass-mixing parameters λL,R are determined by

the (constant) anomalous dimension of the composite operator

they mix with. If the UV scale at which the linear mixings

are generated is large, then O(1) differences in the anoma-

lous dimensions can generate naturally large hierarchies in the

fermion masses via RG running [403]. While the introduction

of partial compositeness greatly ameliorated the flavor problem

of the original composite Higgs models, nevertheless it did not

solve the issue completely, at least in the case where the strong

sector is assumed to be flavor-anarchic [404].

Another nice aspect of the partial compositeness sctuture is

the dynamical generation of the Higgs potential. The Higgs be-

ing a pseudo-Nambu–Goldstone boson, its mass does not receive

any contribution from the strong sector itself but it is generated

at the one-loop level via the couplings of the SM particles

to the strong sector since these interactions are breaking the

global symmetries under which the Higgs doublet transforms

non-linearly. The leading contribution to the potential arises

from top loops and it take the form:

V (H) = m4
ρ
sin θtL sin θtR

16π2

(

α cos (H/f) + β sin2 (H/f) + γ sin4 (H/f)
)

,

(21)
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Figure 31: Composite models built in five di-
mensional Anti-de-Sitter space-time and their
symmetry breaking pattern interpretation. In
5D, the gauge symmetry in the bulk, G, is bro-
ken by suitable boundary conditions to HUV on
the UV brane and to HIR on the IR brane. The
low energy theory mimics in 4D a strongly inter-
acting sector invariant under a global symmetry
G spontaneously broken to HIR at the IR scale
with a subgroup HUV which is weakly gauged.
The number of Goldstone bosons is equal to
dim(G/HIR), dim(HUV /H) being eaten to give
a mass to some gauge bosons (H = HUV ∩HIR).
The remaining dim(G/HIR)−dim(HUV /H) mass-
less Goldstones are described on the 5D side by
the massless AH

5 modes.

where α, β, γ are numbers of order 1 subject to selection rules

following the transformation properties of the top quark under

the global symmetries of the strong sector1, and mρ ≈ gρf

is the typical mass scale of the strong sector resonances. The

1 For instance in the SO(5)/SO(4) composite models, when the top quark
is embedded into a spinorial representation of SO(5), then γ = 0 and when
it is part of a 5, 10 or 14 representation, α = 0 as it can be inferred by
looking at the structure of the H-dependent invariants built out of these
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gauge contribution to the potential takes the form (g denotes

the SU(2) gauge coupling)

m4
ρ

g2/g2ρ
16π2

sin2 (H/f) ,

which is parametrically suppressed with respect to the top

contribution by g2/(gρyt). The gauge term is always positive,

and cannot trigger EWSB by itself. When α = 0 as in the

models favored by current data, the minimization condition of

the potential simply reads

sin2
〈H〉
f

= − β

2γ

which implies that the natural expectation is the scale f is

generically of the order of the weak scale. Obtaining v ≪ f ,

as required phenomenologically, requires some degree of tuning,

which scales like ξ ≡ v2/f2. A mild tuning of the order of

10% (ξ ≈ 0.1) is typically enough to comply with electroweak

precision constraints. This is an important point: in the partial

compositeness models , the entire Higgs potential is generated

at one loop, therefore the separation between v and f can only

be obtained at a price of a tuning. This marks a difference with

respect to the Little Higgses models, which realize a parametric

hierarchy between the quartic and mass through the collective

symmetry breaking mechanism. In fact in Little Higgs models,

the quartic is a tree-level effect, leading to a potential

V (H) ≈ g2SM
16π2

m2
ρH

2 + g2SMH4

where gSM generically denotes the SM couplings. The mini-

mization condition now reads v2/f2 ∼ g2ρ/(16π
2), therefore v is

formally loop suppressed with respect to f . This is the major

achievement of the Little Higgs constructions, which however

comes at the price of the presence of sub-TeV vectors carrying

EW quantum numbers and therefore giving rise generically to

large oblique corrections to the propagators of the W and the Z

gauge bosons.

representations [412]. The coefficient γ also generically comes with extra
power of the top compositeness fractions.
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After minimization, the potential Eq. (21) leads to an

estimate of the Higgs mass as

m2
H ≈ g3ρ yt2π

2v2.

It follows that the limit f → ∞, i.e. ξ → 0, is a true decoupling

limit: all the resonances of the strong sector become heavy but

the Higgs whose mass is protected by the symmetries of the coset

G/H . When compared to the experimentally measured Higgs

mass, this estimate puts an upper bound on the strength of

the strong interactions: 1 <∼ gρ <∼ 2. In this limit of not so large

coupling, the Higgs potential receives additional contributions.

In particular, the fermionic resonances in the top sector which

follow from the global symmetry structure of the new physics

sector can help raising the Higgs mass. For instance in the

minmal SO(5)/SO(4) model, using some dispersion relation

technics, one obtains [406]

m2
H ≈ 6

π2

m2
t

f2

m2
Q4

m2
Q1

m2
Q1

−m2
Q4

log

(

mQ1

mQ4

)

where Q4 and Q1 are fermionic color resonances transforming

as a weak bidoublet of hypercharge Y = 1/6 and Y = 7/6 and a

weak signlet with hyperchare Y = −1/3. Therefore a 125 GeV

mass is obtained if at least one of the fermionic resonance is

light than ∼ 1.4f GeV. As in supserymmetric scenarios, the

top sector is playing a crucial role in the dynamics of EWSB

and can provide the first direct signs of new physics. The direct

searches for these top partners, in particular the ones with

exotic electric charges 5/3, are already exploring the natural

parameter spaces of these models [407,408,401].

The main physics properties of a pseudo Nambu–Goldstone

Higgs boson can be captured in a model-independent way by a

few number of higher-dimensional operators. Indeed, the strong

dynamics at the origin of the composite Higgs singles out a few

operators among the complete list presented ealier in Section

IV: these are the operators that involve extra powers of the

Higgs doublets and they are therefore generically suppressed

by a factor 1/f2 as opposed to the operators that involve

extra derivatives or gauge bosons and are suppressed by a
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factor 1/(g2ρf
2). The relevant effective Lagrangian describing a

strongly interactint light Higgs is:

LSILH =
cH
2f2

(

∂µ

(

H†H
))2

+
cT
2f2

(

H† (DµH)− (DµH)†H
)2

− c6λ

f2

(

H†H
)3

+





∑

f

cf yf
f2

H†Hf̄LHfR + h.c.





.

(22)

Typically, these new interactions induce devitations in the Higgs

couplings that scale like O(v2/f2), hence the measurements of

the Higgs couplings can be translated into some constraints

on the compositeness scale, 4πf , of the Higgs boson. The

peculiarity of these composite models is that, due to the

Goldstone nature of the Higgs boson, the direct couplings to

photons and gluons are futher suppressed and generically the

coupling modifiers defined in Section IV scale like

κW,Z,f ∼ 1 +O
(

v2

f2

)

,

κZγ ∼ O
(

v2

f2

)

,

κγ,g ∼ O
(

v2

f2
× y2t

g2∗

)

,

where we denoted by g∗ the typical coupling strength among

the states of the strongly coupled sector and yt is the top

Yukawa coupling, the largest interaction that breaks the Gold-

stone symmetry. The coupling modifiers also receive additional

contributions from the other resonances of the strong sector,

in particular the fermionic resonances of the top sector that

are required to be light to generate a 125 GeV Higgs mass.

Some indirect information on the resonance spectrum could

thus be inferred by a precise measurement of the Higgs cou-

pling deviations. However, it was realized [409] that the task is

actually complicated by the fact that these top partners give

a contribution to both κt (resulting from a modification of

the top Yukawa coupling) and κγ and κg (resulting from new

heavy particles running into the loops) and the structure of

interactions are such that the net effect vanishes for inclusive

quantities like σ(gg → h) or Γ(h → γγ) as a consequence of
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the Higgs low energy theorem. So one would need to rely on

differential distribution, like the Higgs pT distribution, to see

the top partner effects in Higgs data [410].

V.7.3. Minimal composite Higgs models

The minimal composite Higgs models (MCHM) are concrete

examples of the partial compositeness paradigm. The Higgs

doublet is described by the coset space SO(5)/SO(4) where a

subgroup SU(2)L× U(1)Y is weakly gauged under which the

four Goldstone bosons transform as a doublet of hypercharge 1.

There is some freedom on how the global symmetry is acting

on the SM fermions: in MCHM4 [412] the quarks and leptons

are embedeed into spinorial representations of SO(5), while in

MHCM5 [411] they are part of fundamental representations (it

might also be interesting phenomenologically to consider larger

representations like MCHM14 [413] with SM inside a represen-

tation of dimension 14). The non-linearly realized symmetry

acting on the Goldstone bosons leads to general predictions of

the coupling of the Higgs boson to the EW gauge bosons. For

instance, it can be shown that the quadratic terms in the W

and W bosons read

m2
W (h)

(

WµW
µ +

1

2 cos2 θW
ZµZ

µ

)

with mW (h) =
gf

2
sin

h

f
. Expanding around the EW vacuum,

we obtain the expression of the weak scale

v = f sin (〈h〉/f) ,

and the values of the modified Higgs couplings to the W and Z:

gHV V =
2m2

V

v

√

1− v2/f2 , gHHV V =
2m2

V

v2
(

1− 2v2/f2
)

.

The Higgs couplings to the fermions depend on the repre-

sentation in which the SM fermions are embedded into. For the

most commonly used embeddings, they take the following forms

MCHM4 : gHff =
mf

v

√

1− v2/f2 ,

MCHM5 : gHff =
mf

v

1− 2v2/f2

√

1− v2/f2
,

MCHM14 : gHff =
mf

v

√

1− v2/f2 .
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The (κV , κf ) experimental fit of the Higgs couplings can

thus be used to derive a lower bound on the Higgs compositeness

4πf >∼ 9 TeV, which is less stringent than the indirect bound

obtained from EW precision data, 4πf >∼ 15 TeV [414], which

is however subject to various assumptions [415].

V.8. Searches for signatures of extended Higgs sectors

The couplings of H0 to vector bosons are compatible with

those of the Standard Model Higgs boson to within approx-

imately ∼20%. The couplings of the newly observed state to

fermions have been established only indirectly under the as-

sumption of the gluon fusion production mode (with dominant

contribution from the top quark loop) and have been only pos-

sibly seen in the H → τ+τ− channel at the LHC and H → bb

channels at the Tevatron and the LHC. These measurements

described in Sections references have established the existence

of one state of the electroweak symmetry breaking sector, but

not that it is the only one.

Various classes of models beyond the Standard Model dis-

cussed in Sections reference require extended Higgs sectors.

These models, and in particular the MSSM and the NMSSM

serve as guiding principle of the experimental searches for addi-

tional scalar states beyond the Standard Model. However these

searches are made as model independent as possible and can

be summarized in the following classes: (i) the search for an

additionnal CP-even state motly in the high mass domain de-

caying to vector bosons, which would correspond to the heavy

CP-even state in a generic 2HDM where the light state would

be the discovered H0 or a generic additional singlet; (ii) the

search for a CP-odd state in the high mass domain decaying

to pairs of fermions, which would correspond to the CP-odd

state A in a generic 2HDM; (iii) the search for charged Higgs

bosons, which also appear in generic 2HDMs; (iv) the search for

a CP-odd state a in the low mass region which appears in the

NMSSM; and (v) doubly charged Higgs which are motivated in

extensions of the Higgs sector with triplets.

(i) Searches for an additional CP-even state

(a) Exclusion limits from LEP
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The negative result of LEP searches for the SM Higgs boson

and the absolute lower limit on its mass of 114 GeV strongly

disfavors the existence of a lower mass CP-even state, but

does not exclude it if its couplings are reduced enough with

respect to those of the SM Higgs boson. Among the MSSM new

benchmarks, the low-mH is one example which is disfavored

by current direct constraints. The light CP-even Higgs boson

of the NMSSM with a strong singlet component is antother

example. Additional motivation for these scenarions is given by

the slight excess observed at LEP [LEP excess] at a Higgs boson

mass hypothesis of approximately 100 GeV. The light CP-even

Higgs boson h was also searched for in association with the

CP-odd A, these searches are described in Section reference.

(b) Searches at Tevatron and at the LHC

The searches for the Standard Model Higgs boson before

the discovery were covering a wide range of mass hypotheses, at

LHC until recently the range of investigation was from 100 GeV

and 600 GeV. It has been extended to mass of up to 1 TeV.

At the Tevatron this mass range was limited to up to 200 GeV.

Masses lower than 114 GeV are strongly excluded by LEP

limits. Since the discovery the SM HIggs boson searches are

reappraised to search for a heavy CP-even state. This state

could be the heavy CP-even Higgs boson of a 2HDM, or a

generic additional singlet. In both cases the natural width of

the additional H state can be very different from that of the SM

Higgs boson. To preserve unitarity of the longitudinal vector

boson scattering and the longitudinal vector boson scattering

into fermion pairs, the couplings of the additionnal CP-even

Higgs boson to gauge bosons and fermions should not be too

large and should constrain the natural width to be smaller than

that of the unique SM Higgs boson at high mass (provided

that trilinear and quartic couplings are reasonable and that no

new state affects the heavy state total width). It is therefore

reasonable to consider total widths for the high mass CP-even

state smaller than the equivalent SM width. For the sake of

generality these searches should be done as a function of Higgs

boson mass and total width. Until recently only two cases have
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been investigated: (i) the SM width using the complex pole

scheme (CPS), and (ii) the narrow width approximation.

One example of searches for high mass CP-even Higgs

bosons decaying to a pair of gauge bosons in the narrow

width approximation in the H → W (∗)W (∗) → ℓνℓν inclusive

search channel by the ATLAS collaboration is given in Fig-

ure [HighMassCPeven]. The searches for the Higgs boson in

the H → γγ and H → W (∗)W (∗) in the ℓνℓν and ℓνqq chan-

nels and the H → Z(∗)Z(∗) searches in the 4ℓ, ℓℓqq and ℓℓνν

channels have also been done, but in most cases are simple

reinterpretations of the SM Higgs search in the CPS scheme.

Recent references are summarized in Table [BSMsummary].
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(c) Searches for an additional state with the presence of H0

In the post discovery era, analyses in general need to take

into account the presence of the newly discovered state. For

searches with sufficently high resolution of additionnal states

non degenerate in mass, the strength of the observed state and

limits on the signal strength of a potential additional state can
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be set independetly as discussed in the next section. However in

some cases, such as when a channel does not have a sufficiently

high mass resolution or when the states are nearly degenerate

in mass, specifc analyses need to be designed. There are two

examples of such analyses: (i) the search for an additionnal

state in the H → W (∗)W (∗) → ℓνℓν channel in ATLAS and (ii)

the search for nearly degenerate states in the H → γγ channel

with the CMS detector.
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 PreliminaryATLAS
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=1β2HDM Type-II  tan 

νµνe→WW→H

Exp. 95% CL
Exp. 99% CL
Obs. 95% CL
Obs. 99% CL

Figure 33: The 95% C.L.exclusion contours
for. See full-color version on color pages at
end of book.

The search for an additionnal state in theH → W (∗)W (∗) → ℓνℓν

is done using boosted decision tree combining several discrimi-

nating kinematic characteristics to optimally separate the signal

from the background and a high mass signal H from the lower

mass state h [2HDM-ATLAS-Ref]. A simultaneous fit of the

two states h and H is then made to test the presence of an
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additionnal state. In this case the usual null hypothesis of back-

ground, is generated including a SM signal. The results of this

search are shown in Figure [2HDM-ATLAS].

The CMS search for nearly degenerate mass states decaying

to a pair of photons [CMS-gamgam-degenerate] is more generic

and could for instance apply to CP-odd Higgs bosons as well.

It consists in a fit to the diphoton mass spectrum using two

nearly degenerate mass templates.

(d) Interpretation benchmarks in the light of the discovered

Higgs boson

Two specific benchmark scenarios driven by unitarity rela-

tions are proposed in Ref. YR3. Assuming the existence of an

aditionnal state h′ with coupling scale factors (as deviations

from the SM Higgs boson couplings) denoted κ′V and κ′F for the

couplings of h′ to vector bosons and fermions respectively. The

gauge boson scattering unitarity then yields the following sum

rule:

κ2V + κ′2V = 1

and the unitarization of the gauge boson scattering to

fermions yields:

κV κF + κ′V ∗ κ′F = 1

The two benchmark scenarios are then defined as follows:

(i) a single couplings scale factor is assumed for the gauge

bosons and the fermions, with an additionnal parameter to take

into account decays to new states; (ii) two parameters are used

to describe independently the couplings to fermions and the

couplings to vector bosons. A direct application of the latter is

CP-even sector of the type-I 2HDM.

(ii) Searches for an additional high mass CP-odd state

(a) Exclusion limits from LEP

In e+e− collisions at LEP centre-of-mass energies, the main

production mechanisms of the neutral MSSM Higgs bosons

are the Higgs-strahlung processes e+e− → hZ, HZ and the

pair production processes e+e− → hA, HA, while the fusion
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processes play a marginal role. Higgs boson decays to bb̄ and

τ+τ− are used in these searches.

The searches and limits from the four LEP experiments are

described in Refs. [232–235]. The combined LEP data did not

contain any excess of events which would imply the production

of a Higgs boson, and combined limits were derived [mssm-

2006]. For mA ≫ MZ the limit on mh is nearly that of the

SM searches, as sin2(β − α) ≈ 1. For high values of tan β and

low mA (mA ≤ mmax
h ) the e+e− → hA searches become the

most important, and the lightest Higgs h is non SM-like. In

this region, the 95% C.L. mass bounds are mh > 92.8 GeV and

mA > 93.4 GeV. In the mh-max. scenario, values of tanβ from

0.7 to 2.0 are excluded taking mt = 174.3 GeV, while a much

larger tanβ region is excluded for other benchmark scenarios

such as the no-mixing one.

Neutral Higgs bosons may also be produced by Yukawa

processes e+e− → ffφ, where the Higgs particle φ ≡ h, H , A,

is radiated off a massive fermion (f ≡ b or τ±). These processes

can be dominant at low masses, and whenever the e+e− → hZ

and hA processes are suppressed. The corresponding ratios of

the ffh and ffA couplings to the SM coupling are sinα/ cosβ

and tan β, respectively. The LEP data have been used to

search for bb bb, bbτ+τ−, and τ+τ− τ+τ− final states [236,237].

Regions of low mass and high enhancement factors are excluded

by these searches.

Searches at the TeVatron and LHC

The best sensitivity is in the regime with low to moderate

mA and with large tanβ which enhances the couplings of

the Higgs bosons to down-type fermions. The corresponding

limits on the Higgs boson production cross section times the

branching ratio of the Higgs boson into down-type fermions

can be interpreted in MSSM benchmark scenarios [238]. If

φ = A,H for mA > mmax
h , and φ = A, h for mA < mmax

h , the

most promising channels at the Tevatron are bbφ, φ → bb or

φ → τ+τ−, with three tagged b-jets or bττ in the final state,

respectively, and the inclusive pp → φ → τ+τ− process, with

contributions from both gg → φ and bbφ production. Although
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Higgs boson production via gluon fusion has a higher cross

section than via associated production, it cannot be used to

study the φ → bb decay mode since the signal is overwhelmed

by QCD background.

The CDF and DØ collaborations have searched for neutral

Higgs bosons produced in association with bottom quarks and

which decay into bb [239,240], or into τ+τ− [241,242]. The

most recent searches in the bbφ channel with φ → bb analyze

approximately 2.6 fb−1 of data (CDF) and 5.2 fb−1 (DØ),

seeking events with at least three b-tagged jets. The cross

section is defined such that at least one b quark not from

φ decay is required to have pT > 20 GeV and |η| < 5. The

decay widths of the Higgs bosons are assumed to be much

smaller than the experimental resolution. The invariant mass

of the two leading jets as well as b-tagging variables are used

to discriminate the signal from the backgrounds. The QCD

background rates and shapes are inferred from data control

samples, in particular, the sample with two b tagged jets and a

third, untagged jet. Separate signal hypotheses are tested and

limits are placed on σ(pp → bbφ)× BR(φ → bb̄). a local excess

of approximately 2.5σ significance in the mass range of 130-

160 GeV, but DØ’s search is more sensitive and sets stronger

limits. The DØ result shown in Fig. @Fg.tevmssmxsbr@

displays a ≈ 2 sigma local upward fluctuation in the 110 to

125 GeV mass range.

CDF and DØ have also performed searches for inclu-

sive production of Higgs bosons with subsequent decays to

τ+τ− [243,244,245], although these limits have been super-

seded by the LHC searches.

The bounds from the bbφ, φ → bb channel depend strongly

on the radiative corrections affecting the relation between the

bottom quark mass and the bottom Yukawa coupling. In the

channels with τ+τ− final states, however, compensations occur

between large corrections in the Higgs boson production and

decay. The total production rates of bottom quarks and τ pairs

mediated by the production of a CP -odd Higgs boson in the
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large tan β regime are approximately given by

σbbA × BR
(

A → bb
)

≃ σSM
bbA

tan2 β

(1 + ∆b)
2

9

(1 + ∆b)
2 + 9

,

and

σgg→A,bbA × BR
(

A → τ+τ−
)

≃ σSM
gg→A,bbA

tan2 β

(1 + ∆b)
2 + 9

,

where σSM
bbA

and σSM
gg→A,bbA

denote the values of the corresponding

SM Higgs boson cross sections for a SM Higgs boson mass equal

to mA. The function ∆b includes the dominant effects of SUSY

radiative corrections for large tan β [142,147,200,201], and it

depends strongly on tan β and on the SUSY mass parameters.

The bbA channel is more sensitive to the value of ∆b through the

factor 1/(1 + ∆b)
2 than the inclusive τ+τ− channel, for which

this leading dependence on ∆b cancels out. As a consequence,

the limits derived from the inclusive τ+τ− channel depend less

on the precise MSSM scenario chosen than those of the bbA

channel.

The production and decay rates of the CP -even Higgs

bosons with tan β-enhanced couplings to down-type fermions—

H (or h) for mA larger (or smaller) than mmax
h , respectively—

are governed by formulas similar to the ones presented above.

At high tanβ, one of the CP -even Higgs bosons and the

CP -odd Higgs boson are nearly degenerate in mass, enhancing

the signal cross section by roughly a factor of two, without

complicating the experimental signature except in a small mass

region in which the three neutral MSSM Higgs boson masses

are close together and each boson contributes to the total

production rate. Detailed discussions of the impact of radiative

corrections in these search modes are presented in Refs. [238]

and [246].

ATLAS and CMS also search for φ → τ+τ− in pp collisions

at
√
s = 7 TeV. ATLAS seeks tau pairs in 1.06 fb−1 of

data [247,248], and CMS’s search uses 4.6 fb−1 of data [cms-

tautau-pub,cms-taumutaumu-prel]. The searches are performed

in categories of the decays of the two tau leptons: eτhad, µτhad,

eµ, and µµ, where τhad denotes a tau lepton which decays to

one or more hadrons plus a tau neutrino, e denotes τ → eνν,
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and µ denotes τ → µνν. The dominant background comes

from Z → τ+τ− decays, although tt, W+jets and Z+jets

events contribute as well. Separating events into categories

based on the number of b-tagged jets improves the sensitivity

in the MSSM. The bb̄ annihilation process and radiation of a

Higgs boson from a b quark give rise to events in which the

Higgs boson is accompanied by a bb̄ pair in the final state,

sometimes with only one b within the detector acceptance.

Requiring the presence of one or more b jets reduces the

background from Z+jets. Data control samples are used to

constrain background rates. The rates for jets to be identified

as a hadronically decaying tau lepton are measured in dijet

samples, and W+jets samples provide a measurement of the

rate of events that, with a fake hadronic tau, can pass the signal

selection requirements. Lepton fake rates are measured using

samples of unisolated lepton candidates and same-sign lepton

candidates. Constraints from ATLAS’s and CMS’s searches for

h → τ+τ− are also shown in Fig. @Fg.world-mssm@ in the

mh-max benchmark scenario, with µ = 200 GeV. The neutral

Higgs boson searches consider the contributions of both the

CP -odd and CP -even neutral Higgs bosons with enhanced

couplings to bottom quarks, as they were for the Tevatron

results. As explained above, the di-tau inclusive search limits

do not significantly change by considering other benchmark

scenarios.

Due to the dependence of this production and decay mode

on the SUSY radiative corrections there is complementarity

between the 3b channel and the inclusive tau pair channel in

exploring the supersymmetric parameter space.

The LHC has the potential to explore a broad range of

SUSY parameter space through the search for non-SM-like

Higgs bosons. Nevertheless, Fig. @Fg.world-mssm@ shows a

broad region with intermediate tan β and large values of mA

that is not tested by present neutral or charged Higgs boson

searches, and which might be difficult to cover completely via

these searches, even with much larger data sets. In this region

of parameter space it is possible that only the SM-like Higgs

boson can be within the LHC’s reach. If a SM-like Higgs boson
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Figure 34: The 95% C.L.exclusion contours
for. See full-color version on color pages at
end of book.

is discovered, it may be challenging to determine only from the
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Higgs sector whether there is a supersymmetric extension of the

SM in nature.

(iii) Searches for Charged Higgs bosons H±

 [GeV]+Hm
90 100 110 120 130 140 150 160

β
ta

n 

0

10

20

30

40

50

60
Median expected exclusion
Observed exclusion 95% CL

 theoryσObserved +1
 theoryσObserved -1

Expected exclusion 2011
Observed exclusion 2011

-1
Ldt = 19.5 fb∫

Data 2012

=8 TeVs  max
hm

+jetsτ

ATLAS Preliminary

Figure 35: The 95% C.L.exclusion contours
for. See full-color version on color pages at
end of book.

The searches for charged Higgs bosons at the LHC have

been made until recently in two channels,

(iv) Searches for the light CP-odd Higgs boson in the
NMSSM a

The trilinear Higgs self coupling contributes to Higgs pair

production which allows, in principle, its measurement. Many

corresponding studies have been performed in the SM and its

supersymmetric (Susy) extensions, notably at hadron colliders

and considering gluon fusion [330], the production mode with

the largest cross section.

Among the Susy extensions of the SM, the Next-to-Minimal

Supersymmetric Standard Model (NMSSM) [31] has received

considerable attention [3254], since a Higgs mass of 125 GeV

is more natural within its parameter space than in the MSSM.

Due to the ad- ditional gauge singlet superfield S compared to
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the MSSM, the NMSSM contains three neutral CP-even Higgs

states Hi, i = 1, 2, 3 (ordered in mass).

It is quite natural in the parameter space of the NMSSM

that the mostly SM-like state HSM near 125 GeV is actually the

second lightest state H2, wheras the lightest state H1 is mostly

singlet-like; then mixing effects contribute to the increase of the

mass of HSM. A lighter mostly singlet-like state H1 can well be

compatible with the constraints from LEP [55] (simultaneously

with a SM-like state near 125 GeV [45]), and might even explain

the mild ( 2) excess in e+e Zb b near Mb b 100 GeV [55].
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(v) Searches for doubly charged Higgs bosons H±±

The generation of small neutrino masses via the standard

BEH mechanism described in Section II, requires unnaturally

small Yukawa couplings, provided that neutrinos are Dirac-type

fermions. A Majorana mass term with a see-saw mechanism

for neutrinos, would allow for naturally small masses and

yield a framework for the appealing scenario of leptogensis.

However within the SM Majorana mass terms correspond to

(non-renomalizable) dimension-5 operators. Such effective inte-

actions can be generated via renormalizable interactions with

an electroweak triplet of complex scalar fields (corresponding to
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Table 15: Invisible and rare decay channels

ATLAS CMS Other experiments
CP-even H

h,H → γγ – [CMS-gamgam-degenerate] –

h,H → ZZ → 4ℓ [1] [2] –

h,H → ZZ → ℓℓνν [1] [2] –

h,H → ZZ → ℓℓqq – [2] [3] TEV/LEP

h,H → WW → ℓνℓν [1] [2] –

h,H → WW → ℓνqq′ – [2] [3] TEV/LEP

CP-odd A

h,H,A → τ+τ− [1] [2] –

h,H,A → µ+µ− [1] [2] –

h,H,A → bb – [2] [3] TEV/LEP

Charged H±

H±± [1] [2] [3]

H± → τ±ν [1] [2] [3] TEV/LEP

H± → cs [1] [2] [3] Tevatron/LEP

CP-odd NMSSM a

a → µ+µ− [1] [2] –

h → aa → 4µ, 4τ, 4γ [1] [2] [3]

Υ1s,3s → aγ – – [3] BaBar, Belle, LHCb

Doubly Charged H±

a type-II see-saw mechansim). Other models such as the Zee–

Babu model, with the introduction of two SU(2)L singlets, also

generate Majorana mass terms. The signature of such models

would be the presence of doubly charged Higgs bosons H±±.

The main production mechanisms of H±± bosons at hadron

colliders are the pair production in the s-channel through

the exchange of a Z boson or a photon and the associated

production with a Charged Higgs boson through the exchange

of a W boson.

(vi) Summary of the most recent searches for signatures

of extended Higgs sector

(vi) Outlook of searches for additional states

Although the LHC program of searches for additionnal

states covers a large variety of decay channels for additionnal
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states, various important topologies are still not covered. In

particular when searching for additionnal states the decays of

heavy additionnal searches such as those of the neutral states

decaying to a pair of H0H0 or to ZH0, and searches for the

tt decays are important. Similarly the search for charged Higgs

bosons can be extended to include the search for H0W and

cover the high mass region with tb decays.

VI. Summary

The summary will be added at a later stage

VII. Outlook

The outlook will be added at a later stage
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